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Abstract There is significant interest in the development of new routes for the production of renewable fuels, especially fuels for the transportation sector. Apart from first generation renewable fuels (Ethanol, Bio-diesel), which are produced mostly from edible feedstock, there has been increased interest in the development of processes for generating renewable fuels using non edible feed stocks such as lignocellulose. Lignocellulose has been identified as a major renewable organic carbon energy source, with a significant amount of research and development having been devoted to convert this feedstock into a number of fuels and fine chemicals in recent years. Of the various processes that have been developed for converting lignocellulose to fuels and fine chemicals, processes which involve conversion of levulinic acid (LA) (a compound that is readily obtained from lignocellulose via hydrolysis) into fuels and fine chemicals have received significant interest. Various processes have been investigated for conversion of levulinic acid into fuel compounds such as γ-valerolactone (GVL), valeric acid (VA) and 2-methyltetrahydrofuran (MTHF). The most promising processes that have been developed to date are catalyst based. These processes however have significant room for improvement in terms of economic and environmental efficiency. Hence there is significant interest in the development of new catalysts for the conversion of levulinic acid into fuel compounds. There are many reports on the hydrogenation of LA to GVL over noble and non-noble metal based catalysts in the liquid phase, whilst very few studies have been conducted on the aforementioned in the vapour phase. Therefore, with the aim of developing continuous processing of LA to fuels and fuel additives, detailed investigations were carried out in this thesis using non-noble metal based catalysts at an ambient pressure and moderate reaction temperatures. 
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In chapter III, the conversion of LA to GVL was investigated over a range of TiO2 supported Ni and noble metal (Pt, Pd and Ru) based catalysts. Links between characteristics of the materials studied and activity observed were investigated using various adsorption and spectroscopic characterization techniques such as XRD, H2-TPR, XPS, TEM, pulse chemisorption and pyridine adsorbed DRIFTS studies. Though a higher LA conversion was observed for noble metal catalysts, the Ni/TiO2 catalyst was more selective towards GVL formation than the noble metal catalysts mostly due to the different surface characteristics of the metal present in the catalysts. Then different Ni loaded (on TiO2) catalysts were screened for LA hydrogenation to optimize the product yield and catalyst composition. The 20wt.%Ni/TiO2 catalyst showed the highest activity/selectivity compared to the other Ni loading catalysts. The influence of catalyst synthesis, pre-treatment procedures and reaction parameters (GHSV, reaction temperature and solvent) on activity and selectivity for GVL were investigated for the 20wt.%Ni/TiO2 catalyst. Of the aforementioned parameters, the active metal surface area was found to have the most significant effect on the conversion of LA to GVL. Short term stability tests on the most active / selective catalyst showed no loss in activity after 15 h of reaction time.  In chapter IV, various oxides TiO2, SiO2, ZrO2 and Al2O3 were assessed (based on their acidity) as supports for Ni catalysed conversion of LA to GVL. Among the tested materials, the Ni/TiO2 catalyst was found to have the highest activity and selectivity towards GVL formation. The higher activity and selectivity of the Ni/TiO2 catalyst was most likely due to the significantly different acid and metal sites on the TiO2 support compared to the Al2O3 and ZrO2, and the increased stability of the Ni on TiO2 compared to Ni on SiO2. Based on the results obtained in this chapter, the presence of 
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predominantly Lewis acidity on the catalyst surface favours GVL formation, whereas the presence of a significant amount of Brønsted acidity initiates ring opening of GVL to form other products such as valeric acid.   In chapter V, the conversion of LA to VA (via GVL) was investigated using a modified form of the Ni/TiO2 studied in chapters III and IV. This was done as VA is a highly sought after chemical that is very useful in the production of valeric bio-fuels. Based on the results obtained in chapter IV, which showed that the presence of significant Brønsted acidity led to increased formation of VA, it was decided to modify (significantly increase) the Brønsted acidity of the highly active and stable Ni/TiO2 catalyst studied in previous chapters. This was done by doping this catalyst with WOx as an acidic promoter. Different W loaded Ni/TiO2 catalysts were prepared and extensively characterized by various adsorption and spectroscopic techniques to see the surface and bulk characteristics. Based on the results obtained in this work, it was found that the increased Brønsted acidity and strong metal support interactions were most likely responsible for the high activity towards the desired product (VA).    
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Chapter  I
Introduction and Literature Overview
 
 This chapter gives clear understanding of the work carried out in this thesis, overall idea and importance of the work. It also provides thorough literature survey on the production, properties and applications of levulinic acid, γ-Valerolactone (GVL) and valeric acid (VA). The details on the reaction mechanism of LA hydrogenation to GVL, VA and their further possible transformations were also discussed followed by challenges associated with the strategies adopted in the industry.  
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Chapter I Introduction and Literature Overview 
1.1 Introduction  It is well known that fossil fuels (coal, natural gas and petroleum) are a primary energy source in the world with petroleum being the major source of primary energy and the remaining ones include renewable resources like biomass, nuclear, hydro power and solar [1-3]. The proportions of primary energy consumption from 2012 to 2040 are shown in Figure 1.1 [4]. The consumption of global energy is increasing year by year and resulting in the increased CO2 gas emissions. The global energy consumption is increased by 2% in 2013 and 0.9% in 2014. The CO2 emissions from energy usage grew at its lowest rate (0.5%) in 2014 since 1998.   
 
Figure 1.1 Comparison of primary energy consumption in 2012 and 2040 [4]   The natural gas and coal are extensively used for the commercial and residential purposes. Petroleum/crude oil is the leading energy source for the transportation sector [5]. Recent analyses revealed that oil reserves has shortest lifetime followed by 
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natural gas, coal and majority (~95%) of the transportation sector rely on petroleum/oil based resources [6]. Additionally, it is the largest and fastest growing energy sector and consumption of fossil fuels in the transportation leads to increased emission of CO2 gas. Therefore, analyses showed and stressed the importance of the exploration of renewable and clean energy sources such as biomass, wind, nuclear, solar hydroelectric and geothermal based resources [7]. Among these available renewable resources, biomass based processes are attractive for the transportation sector with remaining ones being used mainly for the stationary purposes [8-10]. Apart from that, transportation sector needs clean fuels with high energy densities for their storage at ambient conditions. In recent years, biomass has been identified as one and only renewable and most abundant organic carbon feedstock which can be replaced with the fossil fuels [11-12]. Unlike petroleum and other oil resources, bio-refinery is a renewable one due to its neutral impact of CO2 on the environment after usage of the fuels and chemicals produced from the biomass feedstock (Figure 1.2).  
Atmosphere
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Fuels
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Figure 1.2 CO2 cycles for oil and bio refineries [13]  
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Currently the most widely used biomass derived liquid fuels are ethanol and bio-diesel, with ethanol being by far the predominant of these accounting for almost 90% of total bio-fuel usage [13-14]. Ethanol is produced mostly from sugar monomers, such as glucose (monomer of cellulose) by fermentation processes using different types of micro-organisms (viz. bacteria, mold and yeast), while biodiesel is most commonly produced by transesterification / esterification of starchy feedstock (triglycerides, fatty acids) [15-18]. Three general types of biomass feedstocks are reported to produce the renewable fuels [19]. The first one being the starch feedstocks in which the glucose polysaccharides (such as amylase) are attached by the glycosidic linkages and are used to produce the ethanol by hydrolysis [20]. The second one consists of mixture of glycerol and different fatty acids called triglyceride feedstocks. The sources of this feedstock include various edible and non-edible vegetable oils which are used to produce the other first generation bio-fuel called bio-diesel [21]. Number of issues (competition with food, land and economical) are associated with the pilot-plant scale manufacture of fuels and fuel additives for transportation sector particularly from edible feedstocks like sunflower, palm and soybeans [22-23].  The aforementioned issues with bio-diesel in particular have led to increased interest in the development of economical processes for producing fuels and their additives from more abundant, inedible biomass feedstock such as lignocellulose [24-25]. Lignocellulose is a promising biomass feedstock with glucose being the most abundant sugar in the form of both sucrose (polymer of fructose and glucose) and cellulose (polymer of glucose only) [26-28]. In general, lignocellulose is present in most of the plants, waste crops, sugarcane bagasse and etc. But the triglyceride and starch 
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feedstocks are found mostly in edible crops like corn, sugarcane, palm, canola and sunflower [29-31].  Lignocellulose is classified into three main groups: agricultural residues (includes bagasse), forestry residues (paper mill discards) and municipal wastes [32-34]. Due to the availability of infrastructure and place to collect the waste, the forestry and agricultural residues offers more advantages than the other feedstocks to produce low cost chemicals and fuels [35-36]. A variety of compounds (platform molecules for fuels and raw materials for fine chemicals) can be produced from lignocellulose which includes levulinic acid/esters, syn gas and ethanol [37-40]. These important compounds produced from lignocellulose can be used widely in the transportation sector and fine chemical synthesis [41]. Different approaches for its conversion to fuels and chemicals have been proposed among which the hydrolysis strategies are best suitable in terms of activity and economic viability [42]. The liquid fuels produced from lignocellulose are unique in their properties compared to the fuels that are produced from fossil ones especially in terms of storage and transportation (possess high energy density and high vapour pressures) [43-45].  To achieve the aforementioned task, the first step required is the conversion of lignocellulose or its constituents (cellulose and hemicellulose) to upgradable platform compounds such as LA [46]. Beginning from the pre-treatment of lignocellulose, this conversion requires a mineral acid as a catalyst and a number of processes are commercialized and demonstrated good yields of LA catalysed by HCl and H2SO4 [47-48]. Therefore, the subsequent transformation of LA to fuels and/or fuel additives (such as GVL, VA and MTHF) is also more important. Many reports are available on the catalytic hydrogenation of LA to produce GVL and on the catalytic conversion of GVL to 
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valuable products like VA. The vast majority of the aforementioned studies have been conducted over noble metal based catalysts such as Ru [49-50]. Although the results obtained using noble metal based catalysts have led to promising results, there is more scope in finding the cheaper catalysts such as those based on transition metals. Based on the above discussion and reported literature, it is clear that LA can be produced cheaply from an inedible lignocellulose biomass. Therefore, the conversion of LA to fuels and fuel additives is equally important and has an attractive area of interest. To achieve this, the first step required is the conversion of LA to GVL. A systematic study has done to convert the biomass derived levulinic acid to fuel additives like GVL and VA particularly, the influence of the characteristics of the supports used and how the metal site influences the yield of the targeted product.  This thesis is focussed on the development of heterogeneous non-noble supported metal catalysts for the one step upgradation of LA in the vapour phase at ambient pressure and moderate temperature. 
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1.2 Literature overview 
1.2.1 Lignocellulosic biomass - a renewable source of organic carbon Lignocellulose consists of three main sugar polymers viz. lignin, hemicellulose and cellulose [51]. The composition and structure of lignocellulose before its separation into its constituents are given in Figure 1.3 [52].  
           
Lignin
Hemicellulose
Cellulose
 
Figure 1.3 Lignocellulose compositions: Lignin, Hemicellulose and Cellulose (on left) Lignocellulose before separation (on right)  
Lignin The lignin part of lignocellulose is an amorphous polymer comprised of methoxylated phenylpropane structures, such as sinapyl alcohol, coniferyl alcohol, and coumaryl alcohol, which provide plants with structural rigidity and a hydrophobic vascular system for the transportation of water and solutes. Complexity of the lignin structure makes it inappropriate for its conversion to useful compounds. The alternative option is to produce electricity and heat by burning the lignin. It can also be 
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used to produce other useful compounds such as phenolic resins. Pyrolysis based strategies were also reported for lignin utilization to produce aromatics and bio-oils [53-54].   
Hemicellulose The other part of lignocellulose is the hemicellulose which contains five different types (C5 and C6) of sugar monomers. This fraction is an amorphous polymer with xylose, galactose, arabinose, mannose and glucose (Figure 1.4) sugars in which xylose contribute major proportion of hemicellulose. To make use of cellulose (major part of lignocellulose) part, the hemicellulose fraction is removed during the pre-treatment process so that the hydrolysis of cellulose to glucose is more effective. The removal of hemicellulose portion of lignocellulose can be done by physical and/or chemical processes (steam explosion and/or acid hydrolysis) [55-56].  
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Figure 1.4 Molecular structures of hemicellulose monomers  
Cellulose Cellulose is a glucose (Figure 1.5) polymer attached via β-glycosidic linkages. The enzymatic hydrolysis of cellulose after pre-treatment of lignocellulose will produce high yields (>90%) of glucose. This process will involve the hydrolysis of cellulose in presence of a mineral acid (such as HCl and H2SO4) at elevated temperatures. In this 
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non-enzymatic process, the conversion of cellulose will produce the platform chemicals (5-HMF and LA) and humins. It should be noted that the required selectivity of the glucose from cellulose can be achieved by the suitable acid concentration and proper reaction conditions i.e. reaction temperature and residence time [57-58].   
O
HO
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Figure 1.5 Molecular structure of cellulose monomer (Glucose)  
1.2.2 Conversion strategies for lignocellulose to fuels and chemicals Different types of processes (thermal and hydrolysis) have been employed to convert the cellulose and hemicellulose fractions of lignocellulose to various fuels and chemicals e.g. syn gas, ethanol and levulinic acid (Figure 1.6). The main thermal processes include gasification, pyrolysis and liquefaction, while the main hydrolysis processes include biochemical and catalytic conversions [59]. Key features of the main thermal processes are given in Table 1.1. Gasification involves the production of syn gas (CO + H2), a useful gaseous mixture for Fischer-Tropsch synthesis to produce liquid fuels and hydrocarbons is a popular thermal treatment process [60]. The other main thermal processes, liquefaction and pyrolysis can also be used to generate many valuable products for instance; the aforementioned processes produce bio-oils (mixture of acids, alcohols and ketones) at temperature ranging from 600 °C [61]. These processes mainly involve with a combination of chemical and catalytic strategies to 
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produce bio-oils and fuel type hydrocarbons. However, the compounds obtained from the main thermal processes generally require further expensive and energy intensive steps for the purification [62].  
Table 1.1 Thermal processing of biomass 
Process Biomass type Conditions Main product (s) 
Gasification Switch grass, Agricultural residues, corn stover, municipal solid waste, etc.  
 >700 °C CO+H2 ( Syn gas) 
Pyrolysis Switch grass, crops and plant material waste. 200-300 °C Bio-oil (Acids, alcohols, etc.) Biochar, methanol 
Liquefaction Algae, sewage sludge, agricultural and forestry residues 
250-550 °C Bio-oil (Acids, alcohols, etc.) Renewable chemicals 
 Hydrolysis based processes are suitable for lignocellulose processing for the required selectivity. Before hemicellulose can be subjected to hydrolysis based processes, it must be pre-treated to ensure the sugar monomers are isolated (this is not required for cellulose as cellulose contains only one sugar monomer i.e. glucose) [13]. The isolated sugar monomers can then be treated at milder reaction conditions with more efficiency. Interestingly, it has been demonstrated that lignocellulose can be cheaply and easily converted into levulinic acid (LA) with a robust and simple acid hydrolysis [63]. This platform chemical produced from a simple hydrolysis pathway has significant potential with regards to its conversion into valuable compounds [64-65].  
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Figure 1.6 Conversion strategies of lignocellulose to liquid fuels and fine chemicals [66] 
 
1.3 Synthesis, properties and applications of levulinic acid 
1.3.1 Properties of levulinic acid Levulinic acid (C5H8O3, LA), also called as γ-ketovaleric acid (Figure 1.7)  has a boiling point and melting point of 245 °C and 37 °C respectively [67]. LA is one of the top 12 value-added chemicals from industry [68-69]. LA is produced cost effectively and in high yield using feedstocks which contain cellulose such as urban waste paper, paper mill sludge and agricultural residues [70]. Some of the important physical properties of LA are listed in Table 1.2  
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Table 1.2 Selected physical properties of LA [67] 
Physical property Value 
Molar mass 116.1 g mol-1 
Melting point 37 °C 
Boiling point  245-246 °C 
pKa 4.59 
Refractive index 1.145 
Heat of fusion 79.8 kJ mol-1 
Heat of vaporisation 0.58 kJ mol-1 
Surface tension 39.7 dyne cm-1 
Density 1.14 g cm-3  
1.3.2 Preparation of Levulinic acid  The production of LA and intermediates involved in its production from lignocellulose are shown in Figure 1.8 [71]. In the first step of LA production from lignocellulose, the lignin shield is broken in order to gain the access to cellulose. Later, hemicellulose is extracted through chemical/physical methods such as steam explosion, dilute acid hydrolysis. In subsequent steps, the hemicellulose is converted to a mixture of C5 and C6 sugar units and cellulose is depolymerized to glucose. The then formed C5 sugars yields the furfural and C6 sugars to produce the 5-hydroxymethylfurfural (HMF). The acid hydrolysis of the aforementioned molecules will give the LA (Figure 1.9) [72-73].  
 
Figure 1.7 Chemical structure of LA 
Chapter I      Introduction & Literature Overview 
13 | P a g e  
 
 
Figure 1.8 Lignocellulose conversion pathways to produce LA [73]  LA was first synthesized from sucrose in 1840 in presence of a mineral acid by the Dutch scientist Prof. Mulder [74]. It is estimated that the bio-refinery process by BioMetics could produce 1000-2000 tons/day of LA in 50-70% yield using a large scale pilot plant. The targeted selling price of LA is around $0.09-$0.11/kg [75]. Although reports are plenty on the batch processes, the continuous processes are however advantageous in many aspects for the large scale production of LA. Dunlop and Wells developed a strategy on the continuous production of LA at atmospheric pressure [76]. Ghorpade and Hanna also reported the continuous production of LA based on the reactive extrusion from corn starch as the feedstock [77]. In both the above mentioned processes, the feedstock is mixed with the sulphuric acid and water generally in the temperature range of 80-200 °C. A pilot plant scale was first developed in Italy using lignocellulose as feedstock to produce LA [78-79]. In this unit, a maximum of 3000 tons of feedstock can be processed in a year, using different types of local feedstocks includes paper mill sludge and local tobacco bagasse. 
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Figure 1.9 Production of LA from cellulosic biomass [80] 
 
1.3.3 Conversion of levulinic acid to valuable compounds   The transformation of LA to fuels and chemicals is relatively easy as it contains multiple highly reactive functional groups i.e. a keto and a carboxylic group (Figure 
1.10) [81]. LA can be used in conjunction with other reactant(s) to produce sought after chemicals such as chiral reagents, polymers, antifouling agents, lubricants, personal care products, chemicals used in photography, coatings, adsorbents, corrosion inhibitors, electronics and batteries  [82-85]. Some of the many chemicals that can be produced using LA are listed below:  
 Levulinate esters are used as additives for gasoline and diesel transportation fuels. For example, these esters are used for diesel applications as blending agents [86].  
 Esters of LA are also used as solvents in a number of reactions and can be used as fruity flavour and fragrance ingredients [87]. 
 LA derived ketal esters can also be used in place of major phthalate-based plasticizers [88].  
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 Methyl butanediol (a product from LA hydrogenation) can be used in the polymer industry to produce polymers such as polyurethanes, polyester polyols and polyester resins [89]. 
 The derivatives of LA (diphenolic acid and delta-amino levulinic acid) are used in decorative finishes and also as herbicide on lawns and crops. LA and its derivatives are also used in anti-microbial, anti-inflammatory and perfume industry [90-92].   
Alkyl 
levulinates
GVL & 
Hydrocarbons
Chemicals 
and 
solvents
Fuels and 
fuel additives  
Figure 1.10 Possible strategies for the conversion of LA 
 Of the many chemicals that LA can be used to produce GVL and VA has received significant attention (Figure 1.10). Different types of reactions involved in the transformation of LA to the aforementioned derivatives namely hydrogenation, 
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hydrocyclisation, dehydration and esterification. The combination of dehydration and hydrogenation will produce the GVL and ring opening of GVL will yield VA [93].  
1.4 Levulinic acid conversion to γ-Valerolactone Conversion of LA to GVL is a simple two-step process which requires a combination of an acid site (e.g. Lewis acid site) and a metal site for the reduction to get the desired product [93]. Many reports are appeared in the literature on this LA conversion to GVL in both liquid as well as vapour phase. A brief overview of literature survey on the production of GVL in liquid as well as vapour phase and its applications are discussed in the next section. 
 
Importance and properties of γ-Valerolactone 
γ-Valerolactone (5-Methyldihydrofuran-2(3H)-one, C5H8O2) is a colourless liquid   with a boiling point of 208 °C and a melting point of -31 °C [94]. GVL occurs naturally in fruits and has been used by the food industry. In comparison to other oxygenates including alcohols and ethers; GVL has a very low vapor pressure even at elevated temperatures [95]. GVL is also a stable liquid in the presence of water and it will not undergo any side reactions (for example, no hydrolysis at pH = 7 and no peroxide formation in air). Hence, it is generally safe to use at large scale with ease. It has also been demonstrated that GVL is a suitable igniting liquid and the flame generated from igniting it burns steadily without soot or unpleasant smell being produced. GVL can also be used for the production of energy by adding it to gasoline or safely using it as an igniting liquid [96-97]. GVL is used for the synthesis of various widely used carbon-based chemicals which include 1,4-pentanediol, MTHF, 4-
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hydroxyvalerates, butenes, mixtures of alkanes, alkylvalerates, 4-hydroxypentanamides and adipic acid (Figure 1.11) [98-102]. It can also be widely used as a food additive, solvent and an intermediate in fine chemicals synthesis and is also used as a precursor of other liquid fuels, commonly known as valeric bio-fuels [103-104].  
 
Figure 1.11 Synthesis and applications of GVL 
 LA can be transformed to GVL by hydrocyclisation using an in situ (generally an alcohol or formic acid is used) or an external (molecular hydrogen) hydrogen source in the presence of a catalyst [105]. Both homogeneous and heterogeneous catalytic processes can be used to hydrocyclise LA to GVL in liquid phase as well as vapour phase over noble and non-noble metal catalysts. It has been reported that the formation of GVL from LA occurs via two main path ways (Figure 1.12). The first one (usually at low temperatures ~150 °C) involves, reduction of the keto group on LA to an alcoholic one to form γ-hydroxyvaleric acid followed by dehydration/cyclization to form GVL. The 
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second path (which occurs usually at high temperatures > 200 °C) is the cyclization of LA to form angelica lactones (α ↔β) and subsequent reduction of the double bond in the angelica lactones to yield GVL [93].  
 
Figure 1.12 Proposed major pathways for the hydrogenation of LA to GVL 
 
1.4.1 Homogeneous catalysts for the conversion of LA to GVL  There have been some studies reported in the open literature to date on homogeneous catalyzed conversion of LA to GVL mostly on ruthenium based catalysts. Joo et al. reported the first application of a water-soluble homogeneous HRuCl-(TPPMS)3 catalyst for the conversion of keto acids [106]. Chalid et al. carried out kinetic and experimental modelling studies on biphasic hydrogenation of LA to GVL using a water soluble Ru-(TPPTS) catalyst. Chalid et al. performed their studies in a batch reactor and achieved a GVL yield of 95% at 90 °C, 45 bar H2 pressure and proposed that the activity of Ru catalyst can be improved by the use of more electron-donating phosphine ligands such as PBu3 [107]. Tukacs et al. carried out a detailed investigation on an in situ generated catalyst from Ru(acac)3 for the LA conversion to GVL. In this, the 
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hydrogenation experiments were carried out at 140 °C and 5-100 bar H2 pressure and achieved the highest activity more than 99% of GVL yield [108]. Fabos et al. reported the selective transfer hydrogenation of LA to GVL using a Shvo catalyst {[2,5-Ph2-3,4-(Ar)2(η5-C4CO)]2H}Ru2(CO)4(μ-H)]} (Ar = p-MeOPh, p-MePh and Ph) with formic acid as the major H2 source. They achieved a 99.9% yield of GVL at 100 °C [109]. Deng et al. have demonstrated the use of an inexpensive, recyclable RuCl3/PPh3/pyridine catalyst system to convert an aqueous mixture of LA and formic acid (1:1 ratio) into GVL in good to excellent yields (>90% at 150 °C) [110]. The only research reported in the open literature (to the author’s best knowledge) on homogeneous catalysed conversion of LA to GVL using a non-ruthenium based catalyst was published by Li et al. In this study, authors investigated iridium pincer complexes for LA conversion at 100 °C and 50 bar H2 pressure and achieved a GVL yield of 98% [111]. Although a number of the results obtained in the aforementioned studies are promising, there are some significant drawbacks associated with the use of these catalysts. Generally use of heterogeneous catalysts will be of high priority because of their insolubility which makes them suitable for different type of applications [112]. The use homogeneous catalysts will result in problems such as separation, reusability and recyclability for example; the high boiling point of GVL makes the tedious job for separation of catalyst and product which is not economical. These drawbacks can be eliminated by applying heterogeneous catalysis for the conversion of LA to GVL. Hence, it is generally considered that there is more potential to develop an economic process for converting LA to GVL based on heterogeneous catalysis [112].    
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1.4.2 Heterogeneous catalysts for the conversion of LA to GVL  There are two main processes that have been used to research heterogeneous catalysed conversion of LA to GVL: (1) Liquid phase processes (2) Vapour phase processes The types of heterogeneous catalysts that have been explored include noble (Pt, Pd and Ru) and non-noble metals (Ni, Cu, Ag and Sn) supported on various conventional (SiO2, Carbon, TiO2, Al2O3 and ZrO2) and non-conventional supports (such as hydroxyapatite).  
1.4.2.1 Liquid phase conversion of LA to GVL Of the liquid-phase processes that have been used for LA hydrogenation to GVL, the simplest one was the use of hydrogen along with a metal based catalyst. Schuette and Thomas investigated the use of different liquid media (diethyl ether, ethanol and acetic acid) on the catalytic conversion of LA to GVL. They reported a maximum LA conversion of 87% in ethanol under the following conditions: 25 °C, reaction time: 48 hours and 3 bar H2 pressure [113]. Later in 1940, Christian et al. reported Raney Ni as a catalyst for liquid phase conversion of LA to GVL under the following conditions: 220 °C, 50 bar H2, 3 hours of reaction time. Christian et al. obtained a 94% yield of GVL under the aforementioned conditions [114]. More recently, several supported metal catalysts have been tested for LA to GVL conversion. Manzer et al. screened carbon supported 5 wt% metal (M = Rh, Ir, Ru, Pd, Pt, Ni, and Re) catalysts in 1,4-dioxane at 150 °C and 55 bar H2 pressure. Among all these catalysts, Ru/C was the most active, with 80% LA conversion after 2 hours reaction time [115]. Systems using Ru/C have been further 
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optimized by Liu and co-workers, who compared the activity of Ru/C with Pd/C, Urushibara Ni, and Raney Ni. Ru/C again displayed the highest LA conversion (92%) with a GVL selectivity of 99% at 130 °C, 12 bar H2 pressure after 160 minutes [116].  Summaries of the results/findings of several other studies that have been conducted on liquid phase LA hydrogenation to GVL over various heterogeneous catalysts are given Table 1.3. It is evident that supported Ru based catalysts are clearly the most active of the various types of catalysts that have been explored to date. Detailed investigations have also been carried out for Ru/C catalytic systems to study reaction kinetics and mechanisms, while its use in pilot plant scale reactors has also been investigated [117-118].                
Chapter I      Introduction & Literature Overview 
22 | P a g e  
 
Table 1.3 Reported literature on LA hydrogenation to GVL in liquid phase 
Catalyst Reaction conditions XLA 
[%] 
SGVL 
[%] 
YieldGVL 
[%] 
Ref. 
Ru/C 12 bar H2, 130 °C, ethanol/water 99 89 89 119 
Cu-ZrO2 34 bar H2, 200 °C, water  100 100 100 120 
Cu-Al2O3 34 bar H2, 200 °C, water  100 100 100 120 
Cu-ZrO2 34 bar H2, 200 °C, methanol 100 90 90 120 
ZrO2 200 bar He, 150 °C, butyl levulinate >99.9 92 92 121 
Ru/C 55 bar H2, 150 °C, 1,4-dioxane 80 90 72 122 
Ag-Ni/ZrO2 220 °C, LA+FA+H2O 99 99 99 123 
Ni-MoOx/C 8 bar H2, 140 °C, solvent free 100 97 97 124 
Ru/C 
Amberlyst-70 
30 bar H2, 70 °C, water,  acid co-catalyst 100 99.9 99.9 125 
Ru/Mg-LaO 5 bar H2, 80 °C, toluene  92 >99 92 126 
Ru/SiO2 40 bar H2, 130 °C, water 100 99.9 99.9 127 
Ru/Al2O3 40 bar H2, 130 °C, water 100 99.9 99.9 127 
Ru/ZrO2 40 bar H2, 130 °C, water 100 99.9 99.9 127 
Ru/TiO2 40 bar H2, 130 °C, water 100 99.9 99.9 127 
Ru/HAP 5 bar H2, 70 C°, water 99 99 99 128 
Au/ZrO2 1:1 mixture of LA+FA, 170 °C, butyl  levulinate and butyl formate in H2O 
98 96 95 129 
Au/ZrO2 1:1 mixture of LA+FA, 150 °C, H2O >99 >99 >99 130 
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1.4.2.2 Vapor phase conversion of LA to GVL The primary advantage of vapour phase catalytic conversion of LA is that it is more suitable for continuous processing of LA [112]. Over a period of time, the use of batch reactor has changed a bit and the continuous flow reactor is a growing area of research with a potential to carry out the reactions at both laboratory and pilot-plant scale [131]. Compared to the batch set-ups, the flow reactors will also offer important benefits including improved reaction conditions such as thermal management and mixing control. In particular, continuous/vapour phase catalytic hydrogenation processes have a number of significant advantages over the batch/liquid phase processes which related to a unique triphasic (solid-liquid-gas) reaction conditions present in the transformations [132]. The advantages and disadvantages of both the aforementioned processes are outlined in Table 1.4.   
Table 1.4 Relative comparison of liquid and vapor phase processes [112, 133] 
Process Liquid Phase Vapour phase 
System pressure  High Usually 1 bar 
Temperature  Low Moderate 
Cost High low 
Catalyst deactivation More less 
Waste emission More less 
Energy input Low High   
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 A large scale vapour phase process for conversion of LA to GVL was built by the Quaker Oats company in 1950 for commercial-scale manufacturing of GVL. A maximum yield (100%) of GVL was achieved using the aforementioned process over a CuO/Cr2O3 catalyst at 200 °C and atmospheric H2 pressure [134]. However, the presence of Cr in the catalyst makes it unsafe to handle especially in the large scale processes. Although results are promising, the research has been focussed on the Cr free catalysts for safety processing of LA to GVL. In this regard, Upare et al. have investigated the use of precious metal catalysts for the conversion of LA to GVL viz. Ru/C, Pd/C, and Pt/C at 265 °C, 1 bar H2 pressure with a WHSV of 0.512 h-1. Among these, again Ru/C demonstrated the highest activity towards GVL (100% yield) with no loss of activity even after 10 days. Although Pt/C and Pd/C also demonstrated 100% LA conversion, the GVL selectivity in each system was found to be 30% and 90% respectively, with significant amounts of AL in the product mixture. The high activity of the Ru/C catalyst was attributed to its high degree of dispersion over the carbon support compared to the other catalysts studied [135]. Dumesic et al. have investigated LA to GVL conversion in the vapour phase using a carbon supported bimetallic catalyst (Ru-Sn). They reported that this catalyst is active (100% yield for LA conversion to GVL) in butylphenol at 180 °C, 35 bar H2 pressure with a WHSV = 1.2 h-1 [136]. Sudhakar et al. have studied LA hydrogenation over hydroxyapatite (HAP) supported metal (M = Ru, Pt, Pd, Ni and Cu) catalysts in the vapor phase at ambient H2 pressure and 275 °C with a flow rate of 2 mL h-1. In this report, a high yield (92 % LA conversion with 99.8% GVL selectivity) was achieved over the Ru/HAP catalyst [137]. Continuous LA hydrogenation to GVL was also investigated in supercritical CO2 by Richard et al. over a Ru/SiO2 catalyst. In the aforementioned study, >99% GVL yield was obtained at 200 °C, 100 bar, and 1 mL/min flow rate of liquid CO2 
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[138]. Mika et al. reported GVL synthesis (from LA) in a continuous flow reactor equipped with 5% Ru/C, 10% Pd/C and Raney Ni catalysts. Mika et al. reported that the highest GVL yield was obtained at a flow rate of 1 mL h-1, 100 °C and 100 bar H2 pressure over the Ru/C catalyst [139].  Although the outcomes achieved in the aforesaid studies using Ru based catalysts have led to promising results, still there is interest in the development of cheaper catalysts such as those based on non-noble metals. Recently, Upare et al. have investigated the conversion of LA to GVL using a Ni promoted copper-silica nanocomposite catalyst in the presence of formic acid. They reported that this catalyst was able to exhibit 99% LA conversion with 96% GVL selectivity at atmospheric H2 pressure at 265 °C and WHSV of 0.512 h-1 [140]. Mohan et al. investigated Ni/H-ZSM-5 catalysed conversion of LA to GVL at 250 °C and 1 bar H2 pressure and reported that the catalyst was active, (100% LA conversion with 92.2% selectivity to GVL) using an LA flow rate of 1 mL h-1 [141]. Putra et al. studied the activity of Cu/Al2O3 catalyst for LA hydrogenation (98% LA conversion, 87% GVL selectivity) in the vapor phase at 265 °C and atmospheric H2 pressure with a WHSV of 0.169 h-1 [142]. Mohan et al. also screened various supports for Ni in the vapour phase solvent free LA hydrogenation to GVL at atmospheric pressure and 250 °C and reported that Ni/SiO2 was more active with maximum GVL productivity of 0.851 kgGVL kgcatalyst-1 h-1 with 1 mL h-1 reactant flow rate [143]. From above results it is clear that the supported Ni and Cu based catalysts are the most active for the vapor phase LA hydrogenation in case of non-noble metal catalysis at atmospheric pressure and moderate temperatures. 
 
1.5 Levulinic acid to valeric acid 
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Valeric acid (C5H10O2, VA), (which is also commonly called as pentanoic acid), is a colourless liquid with a boiling point of 185 °C and a melting point of -34 °C [144]. There is significant interest in the conversion of LA to VA, as esters of VA can be used as fuel [145]. A comparison of some selected properties of the LA, GVL and VA are given 
Table 1.5.  
Table 1.5 Comparison of physical properties of the biomass derivable compounds [144] 
Compound M.pt. 
(°C) 
B.pt. 
(°C) 
State 
at STP 
Density 
g cm-3 
Energy density 
(MJ mol-1) 
VA -34 185 Liquid 0.93 2.84 
GVL -31 208 Liquid 1.05 2.65 
LA 34 245 Solid 1.14 2.42  VA can be obtained by hydrogenation of LA to GVL and subsequent ring opening of GVL over solid acid catalysts [146]. It’s a useful derivative of LA used as an intermediate in the production of the so called valeric biofuels [147]. The esters of VA can be used as both gasoline and diesel blender and is found fully compatible with the transportation fuel. Particularly, Ethyl valerate is a promising fuel for gasoline and pentyl, ethylene glycol esters are suitable for diesel applications [148]. The aforementioned ones meet all the fuel necessities with the required polarity and energy density. It has also been demonstrated that these VA esters can deliver better fuel performance than the present and alternative bio-fuels such as ethanol, GVL and MTHF [149-150]. VA is also used in different fields and can be converted into various useful products (Polymers and hydrocarbons) as shown in Figure 1.13.  
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Figure 1.13 Applications and conversion strategies for valeric acid [147]  The only possible pathway for VA production from LA is via ring opening of GVL to form pentenoic acid, which is subsequently hydrogenated to VA. A schematic representation of VA production from LA is given in Figure 1.14.  The ring opening of GVL to form pentenoic acid occurs over an acidic site (Brønsted acid site). The pentenoic acid then undergoes reduction to form VA over metal sites [151].   
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Figure 1.14 Plausible reaction path way for VA production from LA through GVL  As mentioned earlier, there are many reports on the hydrogenation of LA to GVL both in the vapour phase and liquid phase over noble and non-noble metal catalysts. There are far less reports however in the open literature on the conversion of GVL to VA and its esters. Ravasio et al. reported on a bi-functional Cu-SiZr catalyst to convert GVL to valerate ester. This catalyst achieved 59% selectivity and 69% conversion at 250 °C under 10 bar H2 pressure [152]. Dumesic et al. investigated the conversion of GVL to VA over a Pd-NbCe-C catalyst under the following conditions: 325 °C under 34 bar He/H2 and achieved a VA yield of 90% [153].  
 Although conversion of GVL to VA shown to be readily achieved using different catalysts; there is greater interest in processes that involve conversion of LA to VA (where GVL is an intermediate product) – such processes have significant promise from an energy and cost perspective (as opposed to individual processes for conversion of LA to GVL and then GVL to VA). There have been very few reports however on conversion of LA to VA in a single reactor. Weckhuysen et al. tested a zeolite supported Ru catalyst to convert LA to VA and its esters. They achieved a yield of 45.8% of VA in dioxane as solvent at 200 °C and 40 bar H2 pressure over Ru/H-ZSM5 catalyst after 4 hours [154]. 
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Recently Kenichi et al. developed a direct and selective catalytic route for VA production from LA at 200 °C under 8 bar H2 and achieved a 99% yield of VA over the Pt/HMFI catalyst after 6 hours [151]. Luo et al. investigated the influence of support on Ru catalysed LA hydrogenation in aqueous media at 40 bar H2 pressure and 200 °C and reported that an acidic support is necessary for the ring opening of GVL to produce a VA yield of 91.3% after 10 h [155].                    
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1.6 Aims and objectives Due to the diminishing fossil fuel resources, a significant research is focussed on the development of conversion strategies for the biomass derived LA to fuels and fuel additives such as GVL and VA. Promising catalysts were reported on the liquid phase LA conversion to GVL, however very few studies being conducted in the vapour phase LA conversion. As mentioned earlier, vapour phase fixed bed reactors have some significant advantages over aqueous phase based processes, significant research is focussed on the discovery / development of catalysts for conversion of LA to GVL and / or VA in vapour phase processes. The main aim of this project is to investigate and develop the catalysts for the conversion of LA to GVL and VA. Specific objectives of this thesis are as follows:  
 To prepare supported non-noble metal based heterogeneous catalysts using a simple impregnation method. 
 To characterize the prepared catalysts by various adsorption and spectroscopic techniques such as FT-IR, XPS, SEM, TEM, BET-SA, TPR, TPD of NH3 and pyridine adsorbed FT-IR spectroscopy.  
 To examine the prepared catalysts for the vapour phase LA conversion to GVL and VA at atmospheric pressure and moderate temperatures. 
 To optimise the catalyst composition, reaction conditions, catalysts pre-treatment procedures for the desired yields of the targeted product. 
 To study and assess the influence of supports on the catalytic activity and product selectivity.   
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1.7 Organization of thesis 
Chapter I: This chapter describes the brief history about biomass and its derivatives followed by the conversion strategies to produce platform chemicals such as LA. Synthesis of LA and its subsequent transformations to produce fuels and chemicals are also discussed along with thorough literature survey pertaining to the above mentioned processes over different catalytic processes.  
Chapter II: This chapter represents the experimental details on preparation of the catalysts, catalytic activity tests and characterization techniques adopted in this study. A detailed theoretical and experimental background is also discussed on the following characterization techniques: BET surface area, powder X-ray diffraction studies (XRD), temperature programmed Reduction (TPR) and temperature programmed desorption of ammonia, ultra violet- diffused reflectance spectroscopy (UV-DRS), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), H2/CO pulse chemisorption studies, atomic absorption spectroscopy (AAS) and CHNS elemental analyses of the fresh and used catalysts. 
Chapter III: This chapter presents the detailed investigation of the Ni/TiO2 catalysts for the vapour phase hydrogenation levulinic acid. A comprehensive study for the optimised GVL yields and activity comparison of the Ni/TiO2 catalysts with different metals (M = Pt, Pd and Ru) are discussed for the production GVL from LA in the vapour phase. 
Chapter IV: This chapter describes the influence of support type for Ni in the vapour phase hydrogenation of LA to GVL. This includes the characterization of supported catalysts by XRD, N2-sorption, XPS, TEM, CO-chemisorption and TPR analyses. Then 
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results and discussion on the activity tests carried out over the prepared catalysts for the hydrogenation of LA to GVL. 
Chapter V: In this chapter, W modified Ni/TiO2 catalyst is investigated for the single step conversion of LA to VA through GVL. A detailed and systematic study is done to rationalize the reaction mechanism for the one step vapour phase conversion of LA to VA at atmospheric H2 pressure and moderate reaction temperatures. 
Chapter VI:  This chapter describes the summary and future plans based on the results obtained in the aforementioned studies. The conclusions made on the synthesis of GVL and VA from LA followed by the recommended future research is also discussed.                
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 This chapter gives detailed and clear information on the synthesis, characterization of the catalysts along with the activity measurements. The details regarding the theory of the characterization techniques (XRD, XPS, BET, FT-IR, pulse chemisorption and TEM) used in this thesis had also been discussed in this chapter along with the experimental set-up used for activity measurements followed by analysis of the product mixtures. 
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Chapter II Experimental Section 
 
2.1 Chemicals and materials The following Sigma-Aldrich A. R. grade (99.9%) chemicals were used as received for the preparation of catalysts, e. g.  Ni(NO3)2 .6H2O, H2PtCl6 .6H2O, PdCl2, RuCl3 .3H2O, (NH4)10W12O41 .xH2O, and ZrO(NO3)2 .xH2O. Additional chemicals, sourced from Sigma Aldrich, that were used as received were as follows: SiO2 (Sigma, Surface area = 395±25 m2 g-1), γ-Al2O3 (Harshaw Al-3945 Surface area = 230±10 m2 g-1), TiO2 (P25 Degussa Surface area = 56±5 m2 g-1), levulinic acid (LA; 98%), γ-Valerolactone (GVL; 99%), α-Angelica lactone (AL; 98%) and valeric acid (VA; 99%). A double distilled H2O was used for the preparation of catalysts and also for the dilution of substrates.    
2.2 Preparation of catalysts The Ni based catalysts were prepared by a wetness impregnation method [1]. In a typical method, the required amount of metal nitrate solution was taken to give the desired metal loading which was mixed with a required amount of support (e.g. TiO2, SiO2, ZrO2 and Al2O3). The mixture was dried by evaporating the excess water under constant stirring at 100 °C with a magnetic stirrer with heating unit. The wet solid obtained was then subsequently oven dried at 120 °C for 12 h. The oven dried catalysts were then calcined in static air at 450 °C for 4 h. The W modified Ni/TiO2 catalysts were prepared by co-impregnation of aqueous Ni-nitrate and ammonium tungstate salt [(NH4)x W. xH2O] using an incipient wetness impregnation method [2] and subsequently dried by evaporating the excess water at 
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100 °C. The catalysts were dried at 120 °C for 12 h then calcined in static air at 500 °C for 4 h. The 20wt.%Ni/TiO2-DP catalyst used in Chapter III was prepared by deposition-precipitation method according to the procedure reported by Antonio et al. with slight modification [3]. In this method, required amount of the support material was dispersed in ~ 100 mL of distilled water. Then an aqueous solution of Ni(NO3)2 was precipitated (using 2:1 mole ratio Na2CO3:NaOH) at pH ~ 8.5 - 9 with constant stirring at room temperature. The obtained gel was washed with distilled water until pH of the decanted solution reaches ~7. The obtained solid residue was dried for 12 h in oven at 120 °C followed by calcination in static air at 450 °C for 4 h. The metal loadings were in weight percent for all the catalysts studied in this thesis.   
2.3 Characterization of catalysts In the production of commercial catalysts, even a slight variation in the preparation conditions may change the activities of the catalysts to a great extent. Hence, to understand the nature of catalysts, it is important to characterize the catalyst’s surface and bulk properties. It is a known fact that there is no single technique that can give the complete characteristics of the catalysts. Therefore, a combination of spectroscopic and adsorption characterization techniques are important to study the prepared catalysts to understand the surface and bulk properties. In the present investigation, the following techniques were employed to characterize the catalysts studied:    
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1. Specific surface area by BET (Brunauer, Emmett and Teller) method 2. Powder X-ray diffraction studies (XRD) 3. H2 - Temperature programmed reduction (H2 - TPR) 4. Temperature programmed desorption of ammonia (TPD of NH3) 5. Transmission electron microscopy (TEM) 6. Scanning electron microscopy (SEM) 7. X-ray photoelectron spectroscopy (XPS) 8. Pulse chemisorption 9. CHNS (carbon, hydrogen, nitrogen and sulphur) analysis 10. UV-Vis diffuse reflectance spectroscopy (UV-DRS) 11. Atomic absorption spectroscopy (AAS) 12. Fourier transformed pyridine adsorbed infrared spectroscopy. 
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2.3.1 Determination of surface area by BET method Surface area is generally determined by N2 gas adsorption or mercury penetration methods. To estimate the total surface area of porous materials, the BET (Brunauer, Emmett and Teller) method is the most widely used procedure [4]. The BET method involves the adsorption of vapours/gases. The significance of BET theory lies in its ability to determine the number of molecules required to form a monolayer of adsorbed gas on a solid surface, despite the fact that a monomolecular layer is never actually formed. The basis for BET theory is a multi-layer adsorption of an adsorbate on the surface of an adsorbent [5-6]. The basic equation for finding out the surface area by BET method is given by:  
 Where P  =  adsorption pressure at equilibrium  Po =  adsorbent vapour pressure at its saturation  Va =  adsorbed volume at STP Vm =  adsorbate volume required to form a monolayer coverage C = constant related to heat of adsorption  A plot of P/Va (Po-P) vs. P/Po is a straight line with an intercept of 1/(VmC) and a slope of (C-1)/(VmC). Measuring the slope and intercept permits the calculation of Vm. The specific surface area of the catalyst sample can be calculated using the below formula. 
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 Where Vm = volume of the monolayer in mL; NA = Avogadro number (6.023X1023); W = catalyst weight; AM = adsorbate cross sectional area (for N2; AM=0.162 nm2) 
 
Procedure:  The specific surface areas reported in this thesis were obtained using a Micromeritics ASAP 2010 instrument. For every experiment, approximately 0.2 - 0.3 g of sample was loaded in the BET tube and degassed at 250 °C for 2 h to remove any moisture and other gases present in the catalyst sample. The sample was then exposed to varying amounts of N2. The analysis was carried out using N2 adsorption-desorption in a liquid N2 atmosphere at -196 °C as per the BET method.  
2.3.2 Powder X-ray diffraction analysis Powder X-ray diffraction is the most widely used and versatile technique for the qualitative and quantitative analysis of solids [7-8]. The main information that is obtained from XRD analysis is type of crystalline compound(s) present and crystallite size of a specific component. It can also be used to identify the structure of a substance, its allotropic transformation, transition to different phases and purity of the substance, lattice constants and presence of foreign atoms in the crystal lattice of a component [9]. The phenomenon of diffraction arises from interaction of X-rays with the periodic structure of a polycrystalline material.  In this technique, X-rays with fixed wavelength are chosen for the incident radiation and Bragg’s peaks are measured by observing the intensity of scattered radiation as a function of scattering angle 2θ. As 
Chapter II    Experimental Section 
48 | P a g e  
 
shown in Figure 2.1, the inter planar distances or d-spacings are calculated from the values of peaks observed from Bragg’s equation [10],    nλ = 2d sin θ; where n = order of reflection.  
 
Figure 2.1 Diffraction from an ordered arrangement of atoms [11]  With the analysis of X-ray line broadening (XLB), the crystallite size corresponding to the diffraction line can be determined using Scherrer equation [12]. The minimum detection limit for crystallite size is 4 nm and the two-dimensional over layers cannot be detected.  Thus, when applied to a catalytic system, the absence of an XRD signal may be due to highly dispersed small crystallites, a low concentration of crystallites or to the presence of a two dimensional metal species over layer, which is usually the case for supported catalysts with a low coverage [13]. The Scherrer equation to calculate the mean crystallite size is given by: 
 
D = Mean crystallite diameter; k = Scherrer’s constant; λ = X-ray wave length; 
β = Full width at half maximum; θ = Diffraction angle 
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In the present work, Powder XRD patterns of the catalysts were recorded with Bruker D4 Endeavor wide angle X-ray diffractometer (M/s. Bruker Corporation, Germany) using Ni filtered Cu Kα radiation (λ = 0.15418 nm) with a scan rate of 2° min-1 
in the 2θ range of 10-90° at 40 kV and 20 mA. The XRD phases present in the catalysts were identified with the help of powder diffraction file from the international centre for diffraction data (PDF-ICDD). The crystallite size (D) of Ni was measured by applying Scherrer equation w.r.t. Ni (111) plane.  
2.3.3 Hydrogen - temperature programmed reduction (H2 - TPR) H2-TPR is one of the most used techniques to characterize the supported metal catalysts [14]. The main feature of H2-TPR is its capability of continuously monitoring the consecutive reaction of reducible species at increasing temperatures. H2-TPR can provide information about the extent of dispersion of metallic components as well as information on the strength of metal-support and metal-metal interactions in a catalyst [15]. In general, a catalyst sample produces a characteristic TPR pattern which can be used as a fingerprint and reproducing the same pattern will also depend on the experimental conditions used for each experiment.   Basic idea of the TPR technique is to monitor surface (or) bulk reactions of a solid catalyst with the gaseous environment they are exposed to by performing a continuous analysis of the gas phase [16]. In a TPR experiment, a diluted reducing gas is passed over the sample to be analyzed in a quartz reactor tube. The effluent gases are most commonly monitored using a thermal conductivity detector (TCD). Depending upon the reducibility of the components, one or more maxima (of consumption of the reducing gas) are obtained at the temperatures the material is exposed to. H2-TPR 
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curves are usually limited to the discussion of highest peak temperatures and their onset, the number of peaks and/or to the determination of the total reactant intake from which the rate of reduction could be determined. The analysis of spectra gives type of interaction between metal oxide and support and alloy formation [17].    In the present study, the H2-TPR of all catalysts was carried out in a reducing gas mixture (4.97% H2 in Ar) at a flow rate of 30 mL min-1 with a temperature ramping rate of 10 °C min-1. Prior to each H2-TPR experiment, the catalyst was degassed with pure Ar at 300 °C for 3 h. The intake of H2 was monitored by a TCD detector and H2 uptakes were measured with a calibrated TPR of Ag2O. The TPR experimental set up used in this project is shown in Figure 2.2.  
 
Figure 2.2 Temperature programmed reduction set-up coupled with GC  a: H2/Ar mixture cylinder; b: Gas flow meters; c: Molecular sieve drier; d: Electrically heated furnace; e: Temperature programmer; f: Acid/base trap detector; g: Conductivity cell; h: Temperature probe equipped gas; i: Conductivity meter;  
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j: Thermal conductivity detector; k: Flame ionization detector; l: Data station chromatograph amplifier; r: Quartz micro reactor.  
2.3.4 Temperature programmed desorption of NH3 The temperature programmed desorption (TPD) of NH3 technique is helpful to determine the total number of acid sites and the strength of acid sites (i.e. temperature dependency) present on a catalyst surface [18]. In this study, TPD of NH3 was carried out using a Micromeritics (Auto Chem 2910) temperature program instrument. In a typical method, about 0.15 - 0.2 g of the catalyst sample was reduced at 450 - 500 °C for 2 h in 4.97% H2/Ar (v/v) at a flow rate of 30 mL min-1. After reductive pre-treatment, the sample was cooled to 100 °C followed by saturation with NH3 pulses and subsequently flushed in helium flow at 100 °C for 1 h to remove the physisorbed NH3. The desorption of NH3 was then carried out by heating the sample up to 600 °C at a ramping rate of 5 °C min-1. The amount of NH3 uptake was determined with a calibrated pulse NH3 injection [19].  
2.3.5 Transmission electron microscopy (TEM) Transmission electron microscopy (TEM) offers the unique advantage of allowing the direct observation of catalyst morphology with a resolution tuneable in the range of 10-4 - 10-10 m for obtaining structural information by lattice imaging and micro diffraction techniques [20-21]. From TEM images, the information on size and shape of metal particles and the distribution of metal particles over the support can be determined. In addition, lattice defects and orientation of the crystal can also be obtained by using this type of technique [22]. As the quality of image is dependent on 
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dispersion of the catalyst sample on TEM grid, preparation of the sample also plays an important role in TEM analysis. Usually, thinner samples give better resolution and better contrast. Specimen preparation involves deposition of the sample of interest on an amorphous carbon film covered 2/3 mm diameter copper grids (100-400 mesh). A schematic of TEM instrument showing different parts present in the TEM unit is illustrated in Figure 2.3. In this investigation, samples were prepared for TEM analysis by ultrasonically dispersing a few milligrams of the sample (in powder form) in a few millilitres of ethanol. A drop of the aforementioned suspension was then deposited on a carbon coated grid and the liquid was allowed to evaporate. The imaging of catalysts were monitored using a JEOL TEM 1010 instrument attached with Gatan Orius SC600A CCD camera, 2-grid sample holder and Rontec EDX detector, operating at 100 kV. The average particle sizes of the catalysts were measured by image processing software (imageJ).   
 
Figure 2.3 Schematic overview of basic TEM unit 
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2.3.6 Scanning electron microscopy (SEM) Generally, electron microscopes use the high energy electrons to produce magnified images of particles. A beam of high energy electrons (emitted from an electron gun) first travels through magnetic lenses and focus the electrons to a fine spot of the catalyst sample. The final image of catalyst sample will be formed by the interaction between the emitted electrons and irradiated sample (Figure 2.4). The striking electrons may remain unscattered and transmitted through the specimen or may undergo elastic scattering without energy loss. They may also produce some low energy secondary electrons.  The SEM is mainly used to study the catalyst morphology and also to determine the shape and size of the particles. SEM attached with EDAX also reveals the information on composition [23]. In this thesis, the catalyst samples were mounted on a gold coated aluminum support using a double adhesive tape in vacuum coating unit. The SEM images were taken using FEI Nova 1200 NanoSEM instrument equipped with a TLD detector.  
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Figure 2.4 Block diagram of SEM instrument 
 
2.3.7   X-ray Photoelectron Spectroscopy (XPS) X-ray photoelectron spectroscopy works based on the photoelectric effect (Figure 2.5). XPS is a well known surface technique, also known as electron spectroscopy for chemical analysis (ESCA). It is now a widely used analytical technique for investigating the chemical composition of solid surfaces with its attenuation depth of 2 nm [24-25]. XPS is accompanied by irradiating a sample with mono energetic soft X-rays. Mg-Kα (1253.6 eV) or Al-Kα (1486.6 eV) X-rays are ordinarily used. These photons present in the solids have limited penetrating power usually in the order of 1-10 µm and these will interact with atoms causing the emission of the electrons by photoelectric effect [26].    
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The kinetic energy (KE) of emitted electrons is given by:  
KE = hυ – BE – Φs 
hν → energy of photon BE → binding energy of atomic orbital from which the electron originates  
Φs → work function of spectrometer  
 
Figure 2.5 Photoelectron emissions by XPS technique [26]  The BE of an atom considered as the ionization energy for a particular shell involved. Since every atom has different types of ions, KE of the emitted electron will be varied. XPS analysis of all the catalysts investigated in this thesis was performed on a Thermo Kα X-ray photoelectron spectrometer using a monochromated Al Kα X-ray (Ephoton = 1486.7 eV) radiation as the excitation source at room temperature. The amount of noise from the contaminants in the spectra was minimised by maintaining the vacuum <10-8 Pa. Finally, the XPS curves/BEs was corrected by C 1s spectra at 284.6 eV. For detailed analysis, each spectrum was deconvoluted using Avantage-XPS 
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software. Background subtraction was processed by the Shirley method and each spectrum was fitted with linearly combined Gaussian/Lorenzian functions.   
2.3.8 Pulse chemisorption  Chemisorption also termed as chemical adsorption is a mode of adsorption where the association between the gas and solid surface occurs as a result of chemical reaction. Chemisorption at most leads to monolayer coverage of the available surface and is the most widely used technique to measure the metal surface area in a supported catalyst systems. This information can then be used to estimate the dispersion of metal [27-28].  CO/H2/O2 pulse chemisorption studies are used to determine the number of active metal sites present on the catalyst surface. A custom made pulse reactor consisting of an automatic 6-port sampling valve with 500 µL of loop volume (M/s. Valco Instruments, USA) connected to a quartz fixed bed reactor (i.d. = 0.8 cm i.d. and 2.5 cm long) followed by gas chromatograph equipped with a TCD detector (M/s. Shimadzu, Japan) was used for pulse chemisorption experiments. Prior to the chemisorption studies, catalyst sample was reduced under hydrogen flow at 450-500 °C for 4 h, followed by flushing the catalyst in helium flow and cooling the reactor to 50 °C (for CO and H2 pulse) and 260 °C (for O2 pulse). The probes (CO/H2/O2) were then injected in pulses on to the catalyst through a 6-port sampling valve until a surface saturation observed by GC-TCD. Standard GC-software (Class 5000) was used to determine the amount of gas probe adsorbed. The metal surface area of W loaded Ni/TiO2 catalysts was measured by N2O decomposition experiments at 80 °C. In a typical method about 0.05 g of the catalyst was reduced in H2 atmosphere 500 °C for 1 h followed by cooling down the reactor to 80 °C in helium flow (30 mL min-1). The pulses 
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of N2O are then injected on to the catalyst sample. The uptake of N2O is monitored using GC equipped with a TCD detector.  
Determination of Metal dispersion, Surface Area and Particle size  The metal dispersion studies in a supported metal catalyst are generally defined as the ratio of the total number of surface atoms to the total number of atoms present in the catalyst. This varies from 0 to 1, where 1 corresponds to the atomic level metal dispersion over the support (in most cases it may not reach unity) [29-30]. In this investigation, the nickel surface area was calculated assuming a stoichiometry of one H2 molecule per two surface nickel atoms and an atomic cross-sectional area of 6.49 x10-20 m2/Ni atom. For O2 pulse chemisorption, the O2 up-take can be calculated assuming the formation of NiO [i.e. O2/Ni = 2] phase [31]. Adsorption of the gas probes was deemed to be completed after at least three successive peaks showed the similar areas.  The standard equations to calculate the metal dispersion, active metal surface area and metal crystallite size are given by:   
Dispersion (%) =  Uptake (μmolgcat )Total metal (μmolgcat ) × 100 Metal area =  Metalcross sectional area × No. of metal atoms on surface 
Particle size (nm) =  6000Total metal �m2gcat � × ρ � gcc� ;  ρ: metal density  
2.3.9 CHNS analysis The CHNS analyzer (an elemental analyzer) is used for the simultaneous detection of percentage of elements namely carbon (C), hydrogen (H), nitrogen (N) and 
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sulphur (S) present in the different types of gas, liquid and solid samples. The main process used in this analysis is called as dynamic flash combustion. A block diagram illustrating the CHNS analysis process is shown in Figure 2.6. 
 
Figure 2.6 Block diagram of CHNS (O) analyzer  The catalyst samples for CHNS analyses used in this thesis are as follows: The catalyst samples (in mg placed in a small capsule) are released with a constant carrier gas flow (at 1020 °C) into a quartz tube. Before this, to ensure the complete oxidation/combustion, a strong oxidizing atmosphere was achieved with a pre-determined amount of O2. The gas mixture is then passed through WO3 based catalyst and subsequently sent through the copper zone to reduce the nitrogen and sulphur oxides. Finally the resulting gas mixtures were detected by thermal conductivity detector. [32-34].  
2.3.10 UV-Vis Diffuse Reflectance Spectroscopy (UV-DRS) UV-Vis DRS allows the study of electronic transitions between orbitals in atoms, ions and molecules. It is mainly useful to characterize the heterogeneous catalysts to investigate the interactions of active component with the support [35]. DRS even give a 
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significant insight about the size quantization of nano particles of semiconductor oxides. In UV-Vis DRS, the scattered light intensity at a given wavelength from an infinitely thick and closely packed catalyst layer is related with that scattered from an infinitely thick layer of non-absorbing reference. In this, the ratio between the scattered light intensity of the catalyst and reference is monitored as a function of wavelength.  Generally two procedures were proposed for the sample and reference illumination. One uses the direct and dispersed light beam impinges perpendicularly on the sample and on the reference. In this approach the scattered light detected by a photo-multiplier. In the other mode, diffuse and undispersed radiation was used to illuminate the sample and reference. In this technique, the diffused character was ensured by an integration sphere [36-38].  In present study, the UV-Vis DR spectra were recorded on a UV-2600 Shimadzu spectrometer. The accessory used was a BaSO4 coated integrating sphere with light detection by a built-in photomultiplier tube attached to the base of the sphere. The sphere is supplied with reference discs to provide optimal performance across the wavelength range from 180-800 nm with sampling interval of 0.5 nm and slit width 2 nm. The sphere is fitted with 10 mm cell holder and solid sample holders for both reference and sample positions in order to perform the measurements of reflectance and absorbance of samples placed in the rear (reflectance) solid sample holder.   
2.3.11 Atomic absorption spectroscopy (AAS)  In general, the atomic absorption spectroscopy (AAS) is the most widely used tool in heterogeneous catalysis to quantify the chemical elements present in the catalyst sample. The main principle used in this spectroscopic tool is that it uses the absorption 
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of optical radiation (light). The concentration of analyte present in the sample will be determined by the standard sample with known analyte concentration to establish the relationship between absorbance and concentration (Beer-Lambert law). In this method, as shown in Figure 2.7, firstly the sample will undergo atomization to form its atomic constituents. Then the atoms are irradiated by optical radiation which is then passed through a monochromator and is finally reaches the detector [41-42]. In the present study, Perkin Elmer, Analyst-300 atomic absorption spectrometer was used to determine the metal content (before and after the stability studies) present in the catalyst samples. Prior to the analysis, the catalyst samples were dissolved in aqua regia and subsequently diluted with the distilled water to a desired concentration.  
 
Figure 2.7 Block diagram of atomic absorption spectrometer  
2.3.12 Fourier transformation Infrared spectroscopy (FT-IR) The atoms in a molecule rotate and vibrate in different ways at certain quantized energy levels. The infrared spectrum of a molecule results due to vibration and rotation of its atoms producing a change in permanent dipole moment of the molecule. The most commonly used range of the infrared spectrum is from 4000 cm-1 to 400 cm-1. This technique is the most widely used one to obtain the information on the functional 
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groups present and active component of the catalyst [43-45]. FT-IR with modification in the cell compartment can also be used to measure the surface acidity-basicity of the solid catalysts. There are different methods of preparing samples for FT-IR analysis. The method used is dependent on the instrument / sample being analysed / information required [46-48]. Figure 2.8 shows the schematics of a two-beam IR spectrometer. In this spectrometer, a beam of IR light is split into two beams (one passed through reference and second one passed through the sample) and reflected back to the IR detector.  
 
Figure 2.8 Schematic of an IR spectrometer  The method of sample preparation used in this study involved preparing self-supporting wafers under a pressure of 105 Pa. In this investigation the FT-IR spectra of all samples were recorded on a Carry 660 FT-IR instrument (Agilent Technologies). To investigate the nature of acid sites, FT-IR spectra were obtained in the range of 1400-1700 cm-1 with a resolution of 2 cm-1 and 64 no. of scans. Firstly, the catalyst samples (as self-supporting wafers) were placed in the custom-made IR cell and then pre-treated 
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with 4.97% H2 (Ar balance) at 450 °C for 2 h. Later, temperature of the IR cell was cooled to 150 °C and the gas was switched to an inert gas (N2 or Ar) and spectrum was recorded. Then the catalyst samples were exposed to pyridine vapour until the surface saturation followed by flushing the sample in Ar at 150 °C/1h. The obtained DRIFT spectra after flushing was subtracted with that of reduced sample spectra to obtain the bands corresponding to protonated (Brønsted acid site at ~1540 cm-1) and co-ordinated (Lewis acid site at ~1450 cm-1) pyridine and subsequently applied Kubelka-Munk function for the quantification of IR bands. Figure 2.9 shows the Agilent spectrometer along with DRIFTS accessory used in this investigation to measure the surface acidity.  
  
Figure 2.9 Agilent Carry 660 FT-IR with DRIFTS accessory 
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2.4 Activity studies The vapour phase hydrogenation of levulinic acid was carried out in a fixed bed down flow quartz reactor at atmospheric pressure. The experimental set-up for catalytic hydrogenation is shown in Figure 2.10 (A home built reactor). The reaction was carried out in a fixed bed quartz reactor (length = 420 mm and internal diameter = 12 mm). The catalyst was placed at the centre of quartz reactor using quartz wool. The quartz reactor was then placed in furnace in a vertical position. Prior to the reaction, the catalysts were reduced at 450 - 500 °C for 3 h in 4.97% H2 (balance Ar) at a flow rate of 20 - 30 mL min-1. For testing, the pre-heating zone furnace was maintained at 250 °C (just above the boiling point of levulinic acid) and the catalyst zone (reaction temperature) was operated in the temperature range of 200 - 350 °C with a H2 flow rate of 20 - 40 mL min-1 at atmospheric pressure (mass flow controllers (Alicat Scientific) were used to regulate the flow of H2 and other gases). Reactants were passed on to the catalyst bed through the pre-heating zone by a syringe pump (Perfusor FT B. Braun, Germany) at the required flow rate (in mL h-1). The products were collected in an ice cold trap and analysed by using GC-MS analysis. The conversion, selectivity, rate and TOF are calculated using standard equations given below: 
Conversion of LA =  �LAcin −  LAcout  LAcin � × 100 Selectivity of GVL =  � SGVL  SGVL +  SAL + SOthers � × 100 Selectivity =  � Pi
∑Pi� × 100 (where i = GVL, AL and Others; P is product) 
  rGVL =  GVLyield  × LAflow  rate  (mol s−1)Weight of the catalyst (gcat ) ; GVLyield =  Conversion × Selectivity 100�  rGVL =  rGVL  CO H2�  uptake   
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Figure 2.10 Experimental set-up for vapor phase LA hydrogenation         
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2.5 Catalyst poisoning studies 
 The influence of both Brønsted and Lewis acidity in the LA conversion was examined by carrying out two independent experiments (1) by using 2,6-dimethylpyridine (Lutidine) as Brønsted acid site blocker and (2) pyridine (Py) as both Brønsted and Lewis acid site blocker. In a typical experiment about 12.4 mmol of probe was injected successively in 4 pulses into the aqueous LA stream. After each pulse, the samples were collected and the product mixture was analyzed by Gas Chromatograph (Varian CP-3800 GC) equipped with ZB wax column and Flame ionization detector (FID). After the dosage, the catalyst was regenerated at 400 °C in flowing air and subsequently reduced the catalysts at 500 °C with 4.97% H2 (balanced Ar) before the aqueous LA was being subjected to the catalyst.  
2.6 Product identification and analysis The qualitative analysis of products present in the product mixture was done using GC-MS (Model QP 5050 supplied by M/S. Shimadzu Instruments Corporation, Japan). The collected products were diluted with the suitable solvent (usually methanol and acetone was used in this work) and then injected in the GC-MS to identify various products. The GC-MS has mass range of 10 - 900 a.m.u., which is convenient to detect all the components present in the product mixture. For the separation of components, DB-5MS capillary column (0.32 mm i.d., and 25 m long made up of silica) supplied by J&W Scientific, USA, was used.  The quantitative information was obtained using gas chromatograph (VarianCP-3800 GC equipped with ZB wax capillary column and FID detector). The collected product mixture was diluted with the organic solvents (methanol or acetone) and an 
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equal amount of an internal standard (anisole) was added prior to the GC analysis. The GC programming conditions used in the analysis of the product mixture were as follows: Injector temperature: 250 °C, oven/column programming temperature: From 80 to 280 °C with 10 °C min-1 ramping rate and 3 to 5 minutes holding time at starting and ending temperatures respectively, FID temperature: 300 °C. In some cases, the gaseous products exiting the outlet of the gas-liquid separator were analysed (this was done by connecting this line directly to the GC inlet valve and was analyzed on-line by an Agilent 7820A GC equipped with thermal conductivity detector).    
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Chapter  III
Detailed investigation of TiO2 supported metal catalysts for vapour phase hydrogenation 
of levulinic acid to γ-Valerolactone   In this chapter, a detailed and systematic study was carried out for the TiO2 supported Ni catalysts in the vapour phase LA to GVL hydrogenation reaction. Influence of catalyst synthesis, effect of Ni loading on TiO2 support and influence of calcination temperature was investigated in this hydrogenation followed by influence of reaction parameters (temperature, solvent and GHSV). The short term stability tests were also carried out for the best system and subsequent post characterization studies. 
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Chapter III Detailed investigation of TiO2 supported metal catalysts for 
vapour phase hydrogenation of levulinic acid to γ-Valerolactone 
 
 
Abstract The TiO2 supported metal catalysts were investigated for vapour phase hydrogenation of aqueous levulinic acid (LA) to γ-Valerolactone (GVL) at 270 °C under ambient H2-pressure. The activity of Ni/TiO2 catalyst towards GVL was compared with noble metal (Pt, Pd and Ru) catalysts. In the comparative analysis, the noble metal catalysts showed better LA conversion than the Ni/TiO2, whereas GVL selectivity was much better over Ni/TiO2 than on the Pd, Pt and Ru supported on TiO2 catalysts. A detailed study was done on the Ni/TiO2 catalyst in order to see the influence of Ni loading, catalyst pre-treatment and synthesis procedures followed by screening the best catalyst system under different reaction conditions. The catalysts screened in this study were thoroughly characterized by various techniques such as XRD, BET-SA, pulsed H2-chemisorption, H2-TPR, TEM, SEM, XPS and pyridine adsorption DRIFTS analysis. In addition, catalyst stability studies and its post characterization studies were also conducted for the Ni/TiO2 catalyst. Based on the activity and characterization data obtained; a reaction path way was also proposed in the vapour phase LA conversion to GVL.   
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3.1 Introduction As mentioned earlier in Chapter I, reports are available in both homogeneous and heterogeneous catalytic system for liquid phase and vapour phase hydrogenation over noble and non-noble metal catalysts [1-8]. There have been few reports on LA hydrogenation in vapour phase over non-noble metal based catalysts [9-15]. It has been reported that the product distribution was dependant on catalyst synthesis and pre-treatment procedures [16-20]. There are very few reports available on vapour phase LA hydrogenation (Figure 3.1) as on today and no single report is appeared in the literature on detailed investigation of a non-noble metal catalyst for the LA to GVL reaction. Apart from that, no study is suggested a right pathway for the LA conversion to GVL and its further possible conversion strategies in the vapor phase at atmospheric pressure. Therefore, it was decided to investigate a non-noble metal based catalyst in detail to achieve the maximum GVL yields and to study the catalyst characteristics, influence of reaction parameters and reaction mechanism.  
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VA, MTHF and 
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Figure 3.1 Reaction of levulinic acid to γ-valerolactone  This chapter is aimed at investigating the synthesis of GVL from LA in detail over TiO2 supported metal (M = Ni, Ru, Pt and Pd) catalysts (Figure 3.1). In this study, firstly influence of metal loading was seen on the LA to GVL hydrogenation and the best loading 
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was studied in detail to see how the catalysts synthesis procedures and pre-treatment conditions will influence the product distribution in the LA to GVL reaction. Later, effects of reaction parameters (reaction temperature, reactant flow rate and solvent) were studied on the product distribution to understand the reaction mechanism for LA to GVL conversion.  
3.2 Experimental In this study, catalyst preparation was done mainly using wetness impregnation method and deposition-precipitation method for one catalyst. Prior to the reaction, all the catalysts were calcined and reduced at 450 °C for 3 h in this study. The activity experiments were carried out in a fixed bed quartz reactor in down flow mode. Details on all chemicals and experimental/characterisation procedures used in this chapter are given in Chapter II.               
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3.3 Results and discussion 
3.3.1 Characterization 
3.3.1.1 Physico chemical characteristics of the catalysts          The N2-sorption analysis was carried out for all the catalysts examined in this chapter in order to determine the surface area. The obtained results are compiled in Table 
3.1. In case of different metals loaded (5wt.%) on TiO2 catalysts, no significant changes were observed in the surface areas of the four catalysts. In case of different Ni loaded samples, increase in Ni loading from 5 to 30wt.%, a decrease in surface area is observed. It has been found that the surface area of 20wt.%Ni/TiO2 catalyst (calcined at high temperature) was lower than the sample calcined at 450 °C. The reason for differences in BET-SA was attributed to the slightly increased NiO particles in the catalysts. H2-pulse chemisorption studies were conducted for all the TiO2 supported catalysts and the results are reported in Table 3.1. The H2-uptake was relatively more for Ni/TiO2 catalyst compared to noble metal catalysts. The order of H2-uptake was as follows: Ni/TiO2>Ru/TiO2>Pd/TiO2>Pt/TiO2. The higher H2uptake of Ni/TiO2 catalyst compared to the other three catalysts may probably be due to the smaller metal particle size and higher dispersion of Ni on the TiO2 support. In case of different Ni loadings, it can be seen that the H2 uptake increased with increasing Ni loading up to 20wt.%, thereafter, a small decrease was observed due to a decrease in the active Ni surface area. The H2-TPR results revealed that, an increase in H2-uptake was seen from 5wt.% to 30wt.% of Ni due to the increase in Ni loading in the catalysts.   
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Table 3.1 Physicochemical characteristics of the TiO2 supported Ni catalysts 
Catalyst  
(Ni/TiO2) 
BET Surface a 
area (m2/g) 
H2 uptake b 
(µmol/gcat) 
SNi c 
(m2/gcat) 
c 
H2 uptake f  
(µmol/gcat) d 
5wt.%Ru/TiO2 47.3 14.3 - - 
5wt.%Pd/TiO2 46.9 11.5 - - 
5wt.%Pt/TiO2 48.1 5.9 - - 
5wt.% Ni/TiO2 49.1 25.3 0.99 569 
10wt.% Ni/TiO2 42.2 36.7 1.44 1028 
15wt.% Ni/TiO2 39.8 41.8 1.63 1227 
20wt.% Ni/TiO2 33.6 51.2 2.01 1308 
30wt.% Ni/TiO2 31.4 48.2 1.89 1825 
20wt.% Ni/TiO2-550 e 26.3 48.8 1.90 - 
20wt.% Ni/TiO2-DP f 30.1 50.3 1.96 - a Obtained from N2 sorption analysis;  b Obtained from H2-pulse chemisorption; c Calculated by H2-pulse chemisorption; d H2 uptakes obtained from TPR analysis;  e Calcined at 550 °C; f Prepared by deposition-precipitation method. 
 
3.3.1.2 X-ray diffraction analysis The XRD patterns of 5wt.% metals (Ni, Pt, Ru and Pd) impregnated on TiO2 catalysts (reduced at 450 °C for 3 h) are shown in Figure 3.2. The diffraction lines present in catalysts are attributed to the presence of anatase and rutile TiO2 phases (corresponding ICDD numbers are 84-1286 and 88-1175 respectively). The other diffraction lines in the XRD patterns were most likely due to the metal (Ni, Pt, Ru and Pd) present in the catalysts. The observed peak intensities were very low may be because of low metal content present and / or reflections due to TiO2 phases are more dominating / intense. No significant 
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changes were seen in the relative peak intensities of TiO2 phases (either anatase or rutile) may be due to same content of metal loaded on TiO2. 
 
Figure 3.2 Powder XRD patterns of metal catalysts: a) 5 wt.% Ni/TiO2, b) 5 wt.% Pt/TiO2, c) 5 wt.% Pd/TiO2 and d) 5 wt.% Ru/TiO2 after reduction at 450 °C for 3h  The XRD patterns of TiO2 and different Ni loaded (5 to 30wt.%) titania catalysts reduced at 450 °C for 3 h are shown in Figure 3.3. The diffraction peaks ascribed to metallic Ni are clearly observed in all the Ni/TiO2 catalysts with reflections at 2θ = 44.5, 52.0 and 76.5 corresponding to Ni (111), (200) and (220) planes respectively (ICDD #: 04-0850). The remaining diffraction lines are attributed to anatase and rutile TiO2 phases (ICDD #: 84-1286 and 88-1175 respectively). From the relative peak intensities corresponding to metallic Ni, it can be clearly seen that as Ni content increases, an increase 
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in the peak intensities is observed. In case of reflections due to titania support, a decrease in relative peak intensities was observed from 0 to 30wt.% Ni catalysts.  
 
Figure 3.3 Powder XRD patterns of the Ni/TiO2 catalysts with different Ni content: a) TiO2, b) 5wt.% c) 10wt.% d) 15wt.% e) 20wt.% and f) 30wt.% after reduction at 450 °C for 3 h  The XRD patterns of 20wt.%Ni/TiO2 catalyst prepared by different preparation methods namely wetness impregnation and deposition-precipitation (calcined and reduced at 450 °C for 3 h) are shown in Figure 3.4. The diffraction peaks due to metallic Ni are clearly observed in both Ni/TiO2 catalysts with reflections at 2θ = 44.5, 52.0 and 76.5 corresponding to Ni(111), Ni(200) and Ni(220) planes respectively (ICDD #: 04-0850). The remaining reflections are attributed to anatase and rutile phases of TiO2 (ICDD #: 84-1286 and 88-1175 respectively). From the XRD patterns of these catalysts, it can be observed that no significant changes were seen either in the peak intensities (of Ni and TiO2) or position of 2θ (of both Ni and TiO2phases). 
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Figure 3.4 Powder XRD patterns of reduced 20 wt.% Ni/TiO2 catalyst prepared by (a) Impregnation and (b) Deposition precipitation methods after reduction at 450 °C for 3 h   The XRD patterns of 20wt.%Ni/TiO2 catalyst prepared by wetness impregnation and calcined at different temperatures are presented in Figure 3.5. No significant changes were observed for the 20wt.%Ni/TiO2 catalyst calcined at 350 and 450 °C and further increase in calcination temperature from 450 to 550 °C, the intensity of anatase phase of titania drastically decreased with a small shift in the 2 θ position of Ni planes present in the catalyst. At 650 °C of calcination temperature, rutile phase of titania become more evident.  
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Figure 3.5 Powder XRD patterns of the 20wt.%Ni/TiO2 catalyst calcined at a) 350 °C, b) 450 °C, c) 550 °C and d) 650 °C  and reduced at 450 °C for 3 h  
3.3.1.3 H2-temperature programmed reduction (TPR) analysis  Figure 3.6 shows H2-TPR profiles of Ni loaded TiO2 catalysts with different Ni loadings. From the TPR profiles, a reduction maximum is observed in all the catalysts which is attributed to NiO interaction with the titania support [21]. It was observed that, with increase in Ni loading from 5wt.% to 30wt.%, the Tmax is shifted to higher temperatures with decreased intensities. The increase in Tmax with increase in Ni loading is most likely due to increased particle size of NiO which require higher temperatures for their reduction compared to smaller NiO particles. The small hump observed at ~700 °C for 20wt.%Ni/TiO2 and 30wt.%Ni/TiO2 catalysts is most likely due to the reduction of NiO which is strongly interacting with TiO2 [22]. Based on the results, it can be inferred that at 
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higher loadings of Ni on TiO2 (>20% by weight), there is more bulk NiO / Ni(II) which is strongly interacting with TiO2.  
 
Figure 3.6 H2-TPR profiles of TiO2 supported Ni catalysts with different Ni loading: a) 5 b) 10 c) 15 d) 20 and e) 30wt.%  
 
3.3.1.4 Scanning electron microscopy (SEM)  SEM images of the 20wt.%Ni/TiO2 catalyst calcined at  450 °C and 550 °C are shown in Figure 3.7. From the images, it is clear that the morphology of 20wt.%Ni/TiO2 catalyst calcined at 450 °C is spherical with uniform distribution of Ni particles over the titania support. An increase in the calcination temperature from 450 to 550 °C caused a significant 
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change in the catalyst morphology as seen Figure 3.7 (b) due to the agglomeration of Ni particles and/or changes in the support structure (transition of anatase to rutile phase supplemented by XRD analysis).   
 
Figure 3.7 SEM images of the 20wt.%Ni/TiO2 catalyst calcined at a) 450 °C  and b) 550 °C  
3.3.1.5 Pyridine adsorbed DRIFTS analysis It has been reported that conversion of LA to GVL depends on the nature of catalyst i.e. the type of acidic sites and hydrogenation character of metal [23-25]. However, the presence of Brønsted acid sites (BAS) on the catalyst surface is not suitable for the selective GVL formation from LA, as it initiate the ring opening of GVL to produce VA and MTHF.  
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Figure 3.8 Pyridine adsorbed DRIFT spectra of Ni/TiO2 catalyst: a) 5wt.% and b) 20 wt.%  The pyridine adsorbed FT-IR spectra of 20wt.%Ni/TiO2 and 5wt.%Ni/TiO2 catalysts are presented in Figure 3.8 after a peak fitting procedure using Gaussian function. For the 20wt.%Ni/TiO2 catalyst, pyridine adsorption resulted in the formation of protonated pyridine (at 1539 cm-1) and coordinated pyridine (at 1443 cm-1) species. The pyridine interacted vibration at 1539 cm-1 is assigned to Brønsted acid sites, while the 1443 cm-1 vibration is indicative of an interaction with Lewis acid sites (LAS) [26-28]. Both 20wt.%Ni/TiO2 and 5wt.%Ni/TiO2 catalysts demonstrated the presence of both Brønsted and Lewis acid sites. The proportion of Lewis acid sites is however seems to be relatively higher in the 20wt.%Ni/TiO2 compared to the 5wt.%Ni/TiO2 catalyst. The ratio of Lewis acid sites on 20wt.%Ni/TiO2 may be explained due to the higher amount Ni present on the 
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catalyst surface. A relative ratio of the peak intensities measured by Kubelka-Munk correction which revealed that, LAS20NiT/LAS5NiT = 5.41 and BAS20NiT/BAS5NiT = 0.41. These results emphasize that the LAS are largely populated on 20wt.%Ni/TiO2 compared to 5wt.%Ni/TiO2 catalyst, whereas the relative ratios of BAS are one and half times higher on 5wt.%Ni/TiO2 than on 20wt.%Ni/TiO2 catalyst.  
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3.3.2 Activity measurements 
3.3.2.1 LA hydrogenation over TiO2 supported catalysts Hydrogenation of LA was carried out over different noble metals (5wt.%; M= Ru, Pt and Pd) supported on titania and the results are compared with the 5wt.% Ni/TiO2 catalyst (Table 3.2). In case of noble metals (M= Ru, Pt and Pd), the LA conversion obtained was in the order of Pt(78%)>Ru(52%)>Pd(46%). The conversions obtained with the noble metal based catalysts were significantly higher compared to the Ni/TiO2 catalyst (26%). In contrast, Ni exhibited higher selectivity towards GVL formation and the order followed as Ni>Pt>Ru>Pd. The higher GVL selectivity over the Ni/TiO2 catalyst than on Pt, Pd, and Ru catalysts is most likely due to different surface characteristics of the metals present in the catalysts [29]. It is most likely that the formed GVL was further reacted to form other products (such as VA and MTHF) over the noble metal catalysts which resulted in decreased GVL selectivity. These results suggest the selective (towards GVL) hydrogenation character of Ni/TiO2 catalyst compared to the noble metal catalysts. Therefore, the Ni/TiO2 catalyst was investigated further using higher Ni loaded catalysts to increase the GVL yields. This was done firstly by investigating the influence of Ni loading such as 5, 10, 15, 20 and 30% by weight (Table 3.2). It is found that the 20wt.%Ni/TiO2 catalyst demonstrated higher LA conversion (99.9%) and GVL selectivity (99.1%) compared to other Ni loadings. The high activity of 20wt.% of Ni/TiO2 catalyst is attributed to the presence of more surface Ni species than the other Ni loaded catalysts (Table 3.1).   
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Table 3.2 Hydrogenation of aqueous LA over TiO2 supported metal catalysts. Reaction conditions: 10wt.% aqueous LA, Temperature: 270 °C, GHSV = 3.25 mL g-1 s-1 
Catalyst Conversion 
(%) 
Selectivity (%) GVL Othersa 
5wt.%Ru/TiO2 52.6 44.3 55.7 
5wt.%Pd/TiO2 46.3 42.6 57.4 
5wt.%Pt/TiO2 78.3 62.1 37.9 
5wt.%Ni/TiO2 26.3 87.6 12.4 
10 wt. %Ni/TiO2 54.8 90.4 9.6 
15 wt. %Ni/TiO2 79.7 92.9 7.1 
20 wt. %Ni/TiO2 99.9 99.1 0.9 
30 wt. %Ni/TiO2 92.1 96.8 3.2 a AL, VA, C4, C5-alcohols and MTHF.  
3.3.2.2 Influence of calcination temperature  The influence of calcination temperature (350 - 650 °C) on the LA hydrogenation activity over the 20wt.%Ni/TiO2 catalyst was investigated and the data is reported in 
Figure 3.9. Upon increasing the calcination temperature from 350 °C to 450 °C, an increase in GVL rate was observed. Further increase in the calcination temperature from 450 °C to 550 °C and 650 °C led to a decrease in GVL rate at the cost of by-products formation such as angelica lactone. The lower GVL rate on high temperature calcined samples may be due to the formation large clusters (Figure 3.6) and structural differences (Figure 3.5) in the support material along with the decrease in surface Ni concentration evidenced by H2-chemisorption (Table 3.1).  
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Figure 3.9 Influence of calcination temperature on GVL rate over the 20wt.%Ni/TiO2 catalyst. Reaction conditions: 10wt.% aqueous LA, 270 °C, GHSV = 3.25 mL g-1 s-1 
 
3.3.2.3 Effect of method of preparation The 20wt.%Ni/TiO2 catalyst was also prepared by a well-known deposition-precipitation (DP) method [30] and the activity data is compared with the catalyst prepared by impregnation method (Figure 3.10). No significant difference was observed in the activity over the 20wt.%Ni/TiO2-DP compared to 20wt.%Ni/TiO2-Imp catalyst. A slight decrease in GVL rate over 20 wt.% Ni/TiO2-DP catalyst is most likely due to agglomeration of NiO on TiO2 surface. These results are in good agreement with the results reported by Gayan and co-workers, where authors suggested that agglomeration of metal is most likely that when it is supported on low surface area materials such as TiO2 [31]. The Physico 
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chemical properties of these catalysts were also found consistent with the activity data obtained, where a slight decrease in active surface Ni sites were seen for the 20wt.%Ni/TiO2-DP compared to the 20wt.%Ni/TiO2-Imp catalyst (Table 3.1).   
 
Figure 3.10 LA hydrogenation activity over the 20wt.%Ni/TiO2 catalyst prepared by different methods. Reaction conditions: 10wt.% LA in H2O, Temperature: 270 °C, GHSV= 3.25 mL g-1 s-1 
 
3.3.2.4 Influence of reaction temperature  
Figure 3.11 shows the influence of reaction temperature on catalytic performance of 20wt.%Ni/TiO2 catalyst.  It was interesting to note that increasing the reaction temperature from 230-290 °C had a significant effect on the product distribution. As the reaction temperature increases from 230 °C to 270 °C, both LA conversion and GVL selectivity are increased. A maximum yield of >99% obtained over 20wt.%Ni/TiO2 catalyst at a reaction temperature of 270 °C. A further increase in the reaction temperature, drop of GVL selectivity is observed on account of other products formation. The decrease in GVL 
Chapter III        Detailed Investigation of the Ni/TiO2 Catalyst 
88 | P a g e  
 
selectivity at higher temperatures is most likely that at higher temperature further conversion of GVL seems to occur to form other products like VA and MTHF [32-34].  
 
Figure 3.11 Effect of reaction temperature on GVL selectivity over the 20wt.%Ni/TiO2 catalyst. Reaction conditions: 10wt.% aqueous LA, GHSV =3.25 mL g-1 s-1. 
 
3.3.2.5 Effect of GHSV on the product distribution The influence of flow rate of reactant on catalytic activity of 20wt.%Ni/TiO2 catalyst was tested and the results are reported in Figure 3.12. It was found that, at a GHSV (mL g-1 s-1) of 2.18 and 3.25 there was no significant difference in conversion of LA (~99%). Further increase in the GHSV led to a drop in LA conversion and a lower selectivity towards GVL.  The decrease in the LA conversion and GVL selectivity is most likely due to the 
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reduced contact time [35]. Based on the results obtained the optimized GHSV (mL g-1 s-1) was found to be ~3.25, where a maximum productivity over the 20wt.%Ni/TiO2 catalyst observed under the set of experimental conditions maintained.  
 
Figure 3.12 Influence of reactant flow rate on LA conversion over the 20wt.%Ni/TiO2 catalyst. Reaction conditions: 10wt.% aqueous LA, Temperature: 270 °C 
 
3.3.2.6 Influence of solvent  The solvent effect on LA conversion was investigated using Methanol, Ethanol, Water and 1, 4-dioxane (10% by weight) and the results are compared with the solvent free hydrogenation of LA (Table 3.3). LA conversion is found to be higher when water was used as solvent compared to the other solvents tested. Significant differences in product 
Chapter III        Detailed Investigation of the Ni/TiO2 Catalyst 
90 | P a g e  
 
distribution were also seen for the different solvents with the order of GVL selectivity being as follows: Water ≈ Dioxane > Ethanol > Methanol >> no solvent. The lower selectivity towards GVL observed in methanol and ethanol was due to the formation of their corresponding alkyl levulinates (7.1% for ethanol and 11.2% methanol, the quantities of the aforementioned are included in the “others” given in Table 3.3). The solvent free reaction achieved <3% of LA conversion, whilst the selectivity towards GVL under these conditions was very low and angelica lactone selectivity was >90%.  The higher conversion observed using water (99%), ethanol (82%) and methanol (78%) compared to dioxane (43%) and no solvent (<3%) is most likely due to these solvents being protic. Protic solvents significantly influence keto-enol tautomerism (enol form of LA will undergo rapid dehydration compared to that of keto form; see Figure 3.9). It could be understood from the experimental data that the reaction proceeds through the formation of alkyl levulinate followed by the hydrogenation of alcoholic group. Subsequently γ-hydroxy alkyl valerate will undergo cyclization to form GVL (Figure 3.13).   
 
Figure 3.13 Reaction pathways in presence of alcohol  When alcohol was used as solvent, no AL formation was seen which may be due to the faster esterification reaction. However, the conversion of LA in 1,4-dioxane is less compared to that in the H2O under similar experimental conditions although 1,4-dioxane is 
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a polar solvent. Thus, emphasizing that the protic solvent seems to enhance the LA conversion. Finally, water is found to be a suitable solvent, providing an excellent yield of GVL (>99% over 20wt.%Ni/TiO2 catalyst). In addition, the commercial processes that produce LA from carbohydrates contains some trace amounts of water, in this respect Ni/TiO2 may be a choice of catalyst for further exploitation compared to the other noble metal catalysts in the vapour phase in presence of water.  
Table 3.3 Influence of solvent on LA hydrogenation over the 20wt.%Ni/TiO2 catalyst. Reaction conditions: 10wt.% LA in solvent, GHSV = 3.25 mL g-1 s-1, Temperature: 270 °C. 
Solvent LA Conversion 
(%) 
Selectivity (%) GVL AL Othersa 
Solvent free 2.6 5.3 91.2 3.5 
1,4-dioxane 43.5 99.7 0.3 - 
H2O 99.1 99.1 0.5 0.4 
Ethanol 82.3 89.6 - 10.4 
Methanol 78.9 81.3 - 18.7 a Alkyl levulinates (for methanol and ethanol), VA and MTHF. 
 
3.3.3 Catalyst stability studies The stability of 20wt.%Ni/TiO2 catalyst was studied by performing a test for a period of 15 h. The results obtained from these tests are given in Figure 3.14. The time on stream analysis indicated that the 20wt.%Ni/TiO2 catalyst exhibited >99% yield up to 15 h and high selectivity towards GVL.  
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Figure 3.14 Time on stream analysis over the 20wt.%Ni/TiO2 catalyst Reaction conditions: 10wt.% aqueous LA, Temperature: 270 °C, GHSV = 3.25 mL s-1 g-1  
3.3.4 Characterization of used Ni/TiO2 catalyst  The stability of 20wt.%Ni/TiO2 catalyst after 15 h of time on stream analysis was further corroborated by various characterization techniques such as XRD, XPS and TEM analyses. This was done by comparing the used (15 h) Ni/TiO2 catalyst with the reduced Ni/TiO2 catalyst in order to identify any structural and /or compositional changes that occurred during the course of the reaction. 
 
3.3.4.1 Powder X-ray diffraction (XRD)  XRD analysis of the used 20wt.%Ni/TiO2 (15 h) catalyst indicated no significant differences between the reduced and used catalysts (Figure 3.15). The width of the main 
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diffraction lines of Ni (111), (200) and (220) were very similar for both the used and reduced 20wt.%Ni/TiO2 catalyst.   
 
Figure 3.15 Powder XRD patterns of the 20wt.%Ni/TiO2 catalyst a) reduced and b) used (15 h) catalysts 
 
3.3.4.2 X-ray photo electron spectroscopy (XPS) 
Figure 3.16 shows the Ni 2p spectra of both used and reduced forms of the Ni/TiO2 catalyst. The spectra indicates Ni species were present in both metallic state (Ni0) at a binding energy (BE) of 852.4 eV  [satellite peak at 861.2 eV] and ionic state (Ni2+) with a BE of 855.7 eV  in both samples [36]. No significant changes were observed in XPS spectra of the used 20wt.%Ni/TiO2 (15 h) compared to the reduced catalyst.  
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Figure 3.16 Ni 2p spectra of the Ni/TiO2 catalyst a) reduced and b) used catalysts 
 
Figure 3.17 displays the Ti 2p and O 1s spectra of both used and reduced 20wt.%Ni/TiO2 catalyst. In Ti 2p spectra, the binding energies 464.3 eV and 458.6 eV are ascribed to 2p1/2 and 2p3/2 states of Ti4+ respectively, which is in agreement with the reported values [37]. In O 1s spectra, the peaks at 532.7 eV and 529.7 eV are due to surface and bulk oxygen respectively [38]. In both cases a small peak shift to lower binding energy is observed in the used form of the 20wt.%Ni/TiO2 catalyst (15 h). The changes in the binding energies of Ti 2p in the used form most likely due to the sub surface Ni rearrangement (1-6 nm depth range); the migration of TiOx species is possible in this type of catalyst (i.e. Ni/TiO2). In case of O 1s spectra, the changes in the used catalyst (decrease in the surface O and small change on the binding energies) are observed [39-40]. 
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Figure 3.17 Ti 2p and O1s spectra of 20wt.%Ni/TiO2 catalyst a) reduced and b) Used 
 
3.3.4.3 Transmission electron microscopy (TEM) 
Figure 3.18 shows the TEM images of both the used (15 h) and reduced (at 450 °C) forms of the 20wt.%Ni/TiO2 catalyst. TEM analysis showed the metallic particles exist in spherical shape predominantly and there is no considerable change in the morphology of the catalyst after use. No significant changes (average Ni particle size) were seen in the used (15 h) and reduced form of the catalyst.  
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Figure 3.18 TEM images of the 20wt.%Ni/TiO2 catalyst a) reduced and b) used  
3.3.4.4 CHNS analysis of the used 20wt.%Ni/TiO2 catalyst  To investigate the potential coking after time on stream analysis of LA to GVL reaction, the used 20wt.%Ni/TiO2 catalyst was characterized by CHNS elemental analysis. It was found that no significant amount of coking/carbon deposition (<0.1% by weight) was observed after 15 h of time on stream analysis. These results thus suggest the stability of 20wt.%Ni/TiO2 catalyst. 
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3.3.5 Reaction pathways for vapor phase LA hydrogenation    Two different routes have been proposed in the open literature for LA hydrogenation in both liquid and vapour phase processes over different noble and non-noble metal based catalysts.  The first of these proposed routes involves hydrogenation of the keto group (present in LA) to γ-hydroxyvaleric acid followed by its dehydration/cyclisation to form GVL. The other route proceeds via dehydration/cyclisation of LA to AL and subsequent hydrogenation of AL to form GVL [41-42]. Based on the reported literature and results obtained from the  investigations conducted (initial activity screening tests, characterization data and activity tests carried out at different reaction temperatures),  the role of Ni catalyst is  proposed: 
 As shown in Figure 3.19, the first step that the catalyst has a key role in is the conversion of LA (which exists in three different forms at 270 °C namely keto, enol and pseudo [43-44]) to angelica lactones. A key characteristic of the catalyst that show a strong influence on the rate of the aforementioned reaction is the number and type of acid sites present on the surface [45]. Based on the data obtained, Lewis acid sites on the catalyst surface were most likely involved in this step (LA to AL). Maximum LA conversion was obtained with the catalyst having a higher proportion of surface active sites (metal sites and Lewis acid sites, where the number of Lewis acid sites was determined using pyridine adsorbed DRIFTS analysis and number of metal sites was determined using pulse H2-chemisorption).   
 The second step that the catalyst has a key role in is the conversion of angelica lactones to GVL. As stated earlier, this step in the reaction sequence will rely on the metal site (Ni) and other acid sites i.e. Brønsted acid sites. It was found that the catalyst with 
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negligible Brønsted acidity and a high number of Ni sites (based on pulse H2-chemisorption) showed better selectivity towards GVL. It should be mentioned that the catalysts with highest Brønsted acidity had the lowest selectivity towards GVL which is explained by the presence of sites that open the GVL ring to form VA and MTHF. The aforementioned findings are in good agreement with results reported by Kenichi and co-workers [46], who reported that ring opening of GVL, would occur on Brønsted acid sites.   
OH
O
O
Levulinic acid (keto form)
OH
OH
O
Levulinic acid (enol form)
OO
γ-valerolactone
+ H2
metal site
OO CH3
OH
Pseudo-Levulinic acid
-H2O
Lewis site
H
2 O
H 2O
H2O
OO
α - Angelicalactone
H+
+ H2
metal site VA, MTHF 
and C4, C5-alcohols
 
Figure 3.19 Plausible reaction path ways for vapour phase conversion of LA          
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3.4 Summary and Conclusions 
 A detailed study was conducted on the targeted production of GVL from LA at 270 °C over the Ni/TiO2 catalyst prepared by a simple impregnation method. A comparison study also conducted using noble metal based catalysts. The noble metal catalysts showed good LA conversion but poor GVL selectivity compared to the Ni catalyst (GVL selectivity under the conditions studied: Ni>Pt>Ru>Pd) at the cost of deeper hydrogenation/ring opening products (such as diols, VA and MTHF).  
 The influence of Ni loading on TiO2 support (5 to 30wt.%) showed that upon increasing the Ni loading, LA conversion is increased up to 20%wt.%Ni and further increase in Ni content indicted no significant change in the activity. The activity data was consistent with the active Ni surface area determined by H2 pulse chemisorption measurements. Pyridine adsorbed DRIFTS studies showed that catalysts with different Ni loadings had a significantly different number of Lewis and Brønsted acid sites. Based on these differences it is proposed that the higher activity and selectivity obtained on 20wt.%%Ni/TiO2 was due to the higher number of both acid (Lewis) and metal sites present on the catalyst compared to the others. The Lewis acid sites were found to have a significant role in the dehydration of LA. At lower Ni loading (5wt.%), the GVL selectivity was found to be low at the cost of ring opening products such as VA and MTHF. This was most likely due to this catalyst possessing more number of Brønsted acid sites compared to the 20wt.%Ni/TiO2 which was supported by pyridine adsorbed DRIFT spectroscopy.  
 Studies on the influence of catalyst pre-treatment (calcination temperature) showed that increasing the calcination temperature led to a decrease in GVL yields. This was 
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due to the formation of larger Ni particles (as seen in SEM images) and changes in the catalyst structure (phase transition was seen at 550 and 650 °C from XRD patterns of these catalysts).  
 Studies on the influence of catalyst preparation method on the LA hydrogenation over 20wt.%Ni/TiO2 catalyst (impregnation vs deposition-precipitation) showed no significant differences. From an economic point of view, Ni/TiO2 prepared via wetness impregnation is more suitable for catalysing the vapor phase LA to GVL reaction. 
 Studies on the influence of reaction parameters such as temperature, GHSV and solvent showed that these parameters had a significant influence on product distribution. Increase in reaction temperature (from 270 to 290 °C) led to decrease in GVL selectivity is observed. At higher GHSV (>3.25 mL g-1 s-1), both LA conversion and GVL selectivity was decreased due to reduced interactions between the catalyst surface and reactants (shorter residence times). Studies on the influence of solvents on LA to GVL conversion over the Ni/TiO2 catalyst emphasized that this type of catalyst is more effective in solvents which are protic and/or polar such as water.         
Chapter III        Detailed Investigation of the Ni/TiO2 Catalyst 
101 | P a g e  
 
3.5 References [1] D. M. Alonso, J. Q. Bond, J. A. Dumesic, Green Chem. 12 (2010) 1493-1513. [2] L. Deng, J. Li, D. M. Lai, Y. Fu, Q. X. Guo, Angew. Chem. Int. Ed. 48 (2009) 6529-6532. [3]  S. Cao, J. R. Monnier, C. T. Williams, W. Diao, J. R. Regalbuto, J. Catal. 326 (2015) 69-81. [4] A. Szabolcs, M. Molnar, G. Dibo, L.T. Mika, Green Chem. 15 (2013) 439-445. [5] D. M. Alonso, S. G. Wettstein, J. A. Dumesic, Chem. Soc. Rev. 41 (2012) 8075-8098. [6] P. Wang, H. Yu, S. Zhan, S. Wang, Bioresour. Technol. 102 (2011) 4179-4183. [7] V. Fabos, L. T. Mika, I. T. Horvath, Organometallics 33 (2014) 181-187. [8] Y. Qiu, L. Xin, D. J. Chadderdon, J. Qi, C. Liang, W. Li, Green Chem. 16 (2014) 1305-1315. [9] P. Balla, V. Perupogu, P.K. Vanama, V.R.C. Komandur, J. Chem. Technol. Biotechnol. 91 (2016) 769-776. [10] P. Sun, G. Gao, Z. Zhao, C. Xia, F. Li, Appl. Catal. B: Gen. 189 (2016) 19-25. [11] J. M. Tukacs, R. V. Jones, F. Darvas, G. Dibo, G. Lezsak and L. T. Mika, RSC Adv. 3 (2013) 16283-16287. [12] V. Mohan, V. Venkateshwarlu, B. D. Raju, K. S. R. Rao, New. J. Chem. (2016) [13] S. G. Wettstein, J. Q. Bond, D. M. Alonso, H. N. Pham, A. K. Datye, J. A. Dumesic, App. Cat. B: Environ. 117-118 (2012) 321-329. [14] P. P. Upare, M. G. Jeong, Y. K. Hwang, D. H. Kim, Y. D. Kim, D. W. Hwang, U. H. Lee, J. S. Chang, Appl. Catal. A 491 (2015) 127-135. [15] V. Mohan,  V. Venkateshwarlu, G. Saidulu, B. D. Raju, K. S. R. Rao, RSC Adv. 5 (2015) 57201-57210. 
Chapter III        Detailed Investigation of the Ni/TiO2 Catalyst 
102 | P a g e  
 
[16] J. C. Serrano-Ruiz, D. Wang, J. A. Dumesic, Green Chem. 12 (2010) 574-577. [17] J. M. Bermudez, J. A. Menendez, A. A. Romero, E. Serrano, J. Garcia-Martinez, R. Luque, Green Chem. 15 (2013) 2786-2792. [18] D. M. Alonso, S. G. Wettstein, J. A. Dumesic, Green Chem. 15 (2013) 584-595. [19] L. Qi, Y. F. Mui, S. W. Lo, M. Y. Lui, G. R. Akien, I. T. Horvath, ACS Catal. 4 (2014) 1470-1477. [20] L. Deng, Y. Zhao, J. Li, Y. Fu, B. Liao, Q. X. Guo, ChemSusChem 3 (2010) 1172-1175. [21] K. J. A. Raj, M. G. Prakash, R. Mahalakshmy, T. Elangovan, B. Viswanathan, Catal. Sci. Technol. 2 (2012) 1429-1436. [22] P.K. de Bokx, R.L.C. Bonne, J.W. Geus, Appl. Catal. 30 (1987) 33-46. [23] W. R. H. Wright, R. Palkovits, ChemSusChem 5 (2012) 1657-1667. [24] M. Sudhakar, M. L. Kantam, V. S. Jaya, R. Kishore, K. V. R. Chary, A. Venugopal, Catal. Commun. 50 (2014) 101-104. [25] W. Luo, U. Deka, A. M. Beale, E. R. H. van Eck, P. C. A. Bruijnincx, B. M. Weckhuysen, J. Catal. 301 (2013) 175-186. [26] H. Knözinger, P. Ratnasamy, Catal. Rev. 17 (1978) 31-70. [27] N. Scotti, M. Dangate, A. Gervasini, C. Evangelisti, N. Ravasio, F. Zaccheria, ACS Catal. 4 (2014) 2818−2826. [28] M. I. Zaki, M. A. Hasan, F. A. Al-Sagheer, L. Pasupulety, Coll. Sur. A Physicochem. Eng. Asp. 190 (2001) 261-274. [29] M. Sudhakar, V. Vijay Kumar, G. Naresh, M. Lakshmi Kantam, S. K. Bhargava, A. Venugopal, App. Cat. B 180 (2016) 113-120. 
Chapter III        Detailed Investigation of the Ni/TiO2 Catalyst 
103 | P a g e  
 
[30] A. Gomez-Cortes, G. Diaz, R. Zanella, H. Ramirez, P. Santiago, J. M. Saniger, J. Phy. Chem. C 113 (2009) 9710-9720. [31] P. Gayan, C. Dueso, A. Abad, J. Adanez, L. F. de Diego, F. Garcia-Labiano, Fuel, 88 (2009) 1016-1023. [32] V. V. Kumar, G. Naresh, M. Sudhakar, S. K. Bhargava, J. Tardio, V. Karnakar, A. H Padmasri, A. Venugopal, RSC Adv. 6 (2016) 9872-9879. [33] V. Mohan, C. Raghavendra, C. V. Pramod, B. D. Raju, K. S. R. Rao, RSC Adv. 4 (2014) 9660-9668. [34] P. P. Upare , J. M. Lee, Y. K. Hwang , D. W. Hwang, J. H. Lee, S. B. Halligudi, J. S. Hwang, J. S. Chang ChemSusChem 4 (2011) 1749-1752. [35] V. Mohan, V. Venkateshwarlu, C.V. Pramod, B. D. Raju, K. S. R. Rao, Catal. Sci. Technol. 4 (2014) 1253-1259. [36] W. Lin, H. Cheng, L. He, Y. Yu, F. Zhao, J. Catal. 303 (2013) 110-116. [37] L. Li, J. Yan, T. Wang, Z.-J. Zhao, J. Zhang, J. Gong, N. Guan, Nat Commun. 6 (2015) . [38] A. Naldoni, J. Am. Chem. Soc. 134, (2012) 7600-7603. [39] M. Li, G. Li, N. Li, A. Wang, W. Dong, X. Wang, Y. Cong, Chem. Commun. 50 (2014) 1414-1416 [40] C. Michel, J. Zaffran, A. M. Ruppert, J. Matras-Michalska, M. Jedrzejczyk, J. Grams, P. Sautet, Chem. Commun. 50 (2014) 12450-12453. [41] M. G. Al-Shaal, P. J. C. Hausoul, R. Palkovits, Chem. Commun. 50 (2014) 10206-10209. [42] P. P. Upare, J. M. Lee, D. W. Hwang, S. B. Halligudi, Y. K. Hwang, J. S. Chang, J. Ind. Eng. Chem. 17 (2011) 287-292. 
Chapter III        Detailed Investigation of the Ni/TiO2 Catalyst 
104 | P a g e  
 
[43]  A. M. R. Galletti, C. Antonetti, V. De Luise, M. Martinelli, Green Chem. 14 (2012) 688-694. [44] Z.  Yan, L. Lin, S. Liu, Energy Fuel 23 (2009) 3853-3858. [45] W. Luo, P. C. A. Bruijnincx, B. M. Weckhuysen, J. Catal. 320 (2014) 33-41. [46] K. Kon, W. Onodera, K. Shimizu, Catal. Sci. Technol. 4 (2014) 3227-3234. 
105 | P a g e  
 
Chapter  IV
Vapor-phase hydrogenation of levulinic acid to γ-valerolactone over supported 
Ni catalysts: Influence of support   This chapter describes the synthesis and characterization of different commercial metal oxide supported Ni catalysts followed by the catalytic evaluation of catalysts in the vapour phase hydrogenation of levulinic acid to γ-Valerolactone. The results obtained in this study were explained by means of different characterization techniques such as pyridine adsorbed FT-IR, H2-TPR analysis. Short term stability tests and post characterization studies were also discussed in this chapter. 
 
 
  Parts of the work presented in this chapter is published 
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Chapter IV Vapor-phase hydrogenation of levulinic acid to γ-
valerolactone over supported Ni catalysts: Influence of support 
 
 
Abstract In this chapter, the influence of support type (TiO2, Al2O3, SiO2 and ZrO2) for Ni catalysed hydrogenation of aqueous levulinic acid (LA) to γ-valerolactone (GVL) was investigated at 270 °C at an ambient pressure. The catalysts investigated in this study were characterized using different techniques such as N2-sorption, Powder XRD, H2-TPR, TEM, CO-pulse chemisorption and pyridine adsorbed DRIFTS analysis followed by catalytic activity testing. The time on stream analysis for all the catalysts were conducted for 15 h and the used catalysts were characterized by CHNS and XPS analyses. The influence of catalyst surface acidity in this LA to GVL conversion was also investigated by catalyst poisoning studies using pyridine and 2,6-dimethylpyridine probes. Finally the role of support, influence of metal and acid sites was investigated by comparing the activity over an inert material i.e. α-Al2O3 and bulk NiO.         
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4.1 Introduction As mentioned earlier, the conversion of levulinic acid (LA, a compound that is readily obtained from lignocellulose) into γ-Valerolactone (GVL) is of significant interest [1-2]. This is due to the potential of this process to be used to produce economically viable GVL [3-6]. A schematic representation of the main steps involved in this process is shown in Figure 4.1.   
 
Figure 4.1 Hydrogenation of biomass derivable levulinic acid  A number of studies have been conducted on the catalytic hydrogenation of LA to produce GVL and on the catalytic conversion of GVL to valuable products [7-12]. The majority of the aforementioned studies have been conducted in the liquid phase, with very few studies being conducted in the vapor-phase hydrogenation of LA [13-18]. Few studies were also investigated using the hydrotalcite based Ni and Cu catalysts for LA hydrogenation to GVL with good GVL yields [19-21]. Vapor phase conversion of LA to GVL does, however, have a number of advantages over the liquid phase process such as having no requirement for high-pressure conditions or purification. It also has increased space-to-time yield productivity and generally there is reduced likelihood of catalyst deactivation in the gas phase process [22]. Dumesic et al. have investigated the conversion of LA to GVL using a carbon supported bimetallic catalyst (Ru-Sn) in the presence of 2-sec-butyl-phenol at 
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180 °C and 35 bar H2 pressure [23]. Upare et al. have investigated vapor phase LA hydrogenation at ambient pressure at 265 °C over a  commercial Ru/C catalyst (100% LA conversion with 100% GVL selectivity) using an external H2 source [24]. Sudhakar et al. have explored LA hydrogenation over hydroxyapatite (HAP) supported metal catalysts in the vapor phase at an ambient H2 pressure and found that Ru/HAP is suitable for the formation of GVL under the reaction conditions adopted [25]. Although the results obtained in the earlier reports using Ru-based catalysts have led to promising results; there is interest in the development of cheaper catalysts particularly based on transition metals such as Ni and Cu.  Upare et al. have investigated the conversion of aqueous LA to GVL using a Ni promoted copper-silica nanocomposite catalyst in the presence of formic acid. They reported that this catalyst was able to achieve 99% LA conversion with 96% GVL selectivity in the vapour phase at atmospheric pressure and 265 °C [26]. Mohan et al. investigated the Ni/H-ZSM-5 catalysed conversion of pure LA to GVL at 250 °C and 1 bar H2 pressure and reported that the catalyst showed 100% LA conversion with 92.2% selectivity to GVL at a flow rate of 1 mL h-1 [27]. There are however various factors in this area of research (vapour phase conversion of LA to GVL) that have not been investigated in detail particularly the nature of support (which generally has a significant influence on characteristics of the active metal sites) for the hydrogenation of LA over Ni-based catalysts.  In this chapter, the influence of support type (viz. TiO2, SiO2, Al2O3, and ZrO2) is assessed for Ni based on their acidity in the vapour phase LA conversion. The catalysts were characterised using various techniques including pyridine adsorbed DRIFTS analysis to determine the surface acidity of the catalyst which is further analyzed by poisoning studies over these catalysts. The metal-support interactions were studied by 
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H2-TPR analysis and morphology of the catalysts was observed by TEM analysis. Long term tests were also conducted to investigate catalyst stability. CHNS analysis of the used catalysts was done using CHNS elemental analysis to estimate potential coking due to carbon deposition on the catalyst surface. 
 
4.2 Experimental In this study, the amount of Ni was fixed at 20% by weight in all four catalysts namely 20wt%Ni/TiO2, 20wt%Ni/SiO2, 20wt%Ni/ZrO2 and 20wt%Ni/Al2O3. The vapor-phase hydrogenation of aqueous levulinic acid was carried out in a fixed bed quartz reactor in down flow mode. Prior to the reaction, catalysts were reduced at 450 °C for 3 h using 4.97% H2/Ar at a flow rate of 30 mL h-1. The complete details on all chemicals and experimental / characterisation procedures used in this chapter are given in Chapter II.    
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4.3 Results and Discussion 
4.3.1 Characterization 
4.3.1.1 Powder X-Ray Diffraction (XRD) The powder XRD patterns of the supported Ni catalysts that were tested for the catalytic conversion of LA to GVL are shown in Figure 4.2. Two main diffraction lines present in the XRD patterns for metallic Ni (for the 2θ range 10-70)-the 44.5° 2 θ line (corresponding to Ni(111) (ICDD #: 04-0850) and the 52.0° 2 θ line (corresponding to Ni(200) (ICDD #: 04-0850)) were present in the XRD patterns obtained for all  the catalysts. The other diffraction lines present in the XRD patterns were due to the respective support materials confirmed by ICDD # 84-1286 for TiO2 and ZrO2 support (ICDD # 37-1484). The 20wt.%Ni/SiO2 catalyst displayed only a broad peak centred around 2θ = 23° confirming its micro-crystalline/amorphous phase present in the catalyst. The phases due to γ-Al2O3 support are superimposing with that of NiAl2O4 phase due to which the identification of diffraction lines corresponding to γ-Al2O3 phase and NiAl2O4 phase was difficult. However, the formation of NiAl2O4 phase present in the 20wt.%Ni/γ-Al2O3 catalyst could be justified with H2-TPR analysis (Figure 4.5). The Ni crystallite sizes (Table 4.1) of these catalysts were calculated using the Scherrer equation w.r.t. the most intense peak (Ni (111) plane).   
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Figure 4.2 Powder XRD patterns of the supported Ni catalysts a) 20wt.%Ni/TiO2, b) 20wt.%Ni/SiO2, c) 20wt.%Ni/Al2O3 and d) 20wt.%Ni/ZrO2 reduced at 450 °C for 3 h 
 
4.3.1.2 Physico chemical characteristics BET surface area (from N2-sorption analysis), H2 uptakes (from H2-TPR analysis), ratios of Brønsted to Lewis acid sites (BAS/LAS from pyridine adsorbed DRIFTS analysis) and the Ni crystallite size (calculated using Scherrer equation from powder XRD patterns; Figure 4.2) results are given in Table 4.1. The surface areas of Ni/SiO2 and Ni/Al2O3 catalysts were significantly higher than the other two Ni based catalysts (Ni/ZrO2 and Ni/TiO2) due to the higher surface area of the supports in these catalysts. No significant changes in the H2 uptakes (from H2-TPR analysis) were observed for these two catalysts due to the constant Ni loading in all the catalysts. The Ni crystallite size (calculated using XRD patterns presented in Figure 4.2 and the Scherrer equation) was highest in the Ni/ZrO2 catalyst (37.84 nm), whilst Ni/SiO2 and Ni/Al2O3 catalysts both had the smallest average size of Ni particles of ~21 nm. The Ni 
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crystallite size obtained for the respective catalysts correlates strongly with the surface area of the catalysts (higher surface area catalysts had smaller Ni crystallite size) and is consistent with the surface area of the supports influencing the extent to which Ni agglomeration occurred. 
 
Table 4.1 Physico chemical characteristics of the catalysts 
Catalyst BET Surface area 
(m2 g-1)a 
H2 uptake 
(µmol gcat-1)b 
BAS/LAS 
ratioc 
Ni crystallite  
size (nm)d 
20%Ni/SiO2 155.5 1237 0.05 20.5 
20%Ni/Al2O3 108.8 1308 0.27 21.4 
20%Ni/ZrO2 23.5 1204 0.38 37.8 
20%Ni/TiO2 42.7 1246 0.2 28.5 a Obtained from N2-sorption analysis; b Obtained from H2-TPR analysis calibrated with Ag2O TPR; c BAS/LAS ratio obtained from pyridine adsorbed DRIFT spectra; d Calculated from XRD spectra using Scherrer equation w.r.t Ni(111) plane. 
 
4.3.1.3 Diffused reflectance UV-Visible spectroscopy  
Figure 4.3 represents the UV-Vis DRS spectra of all the supported nickel catalysts after calcination in air at 450 °C for 3 h. DRS spectra of the Ni catalysts showed the presence of only octahedral Ni species in the form of NiO. The absorption bands at around 240 nm and a shoulder around 310 nm are evident and indicating its origin 
from O → metal charge transitions. The bands at 715 nm and 377 nm represent the octahedrally coordinated Ni2+ species in the NiO lattice [28]. 
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Figure 4.3 Diffused reflectance UV-Vis spectra of 20wt.%Ni supported on a) TiO2, b) Al2O3, c) ZrO2 and d) SiO2 catalysts after calcination at 450 °C for 3 h 
 
4.3.1.4 Transmission electron microscopy (TEM) TEM images of all the supported nickel catalysts (calcined in air at 450 °C for 3 h) are presented in Figure 4.4. The images showed different surface morphology of all the catalysts. In case of Ni/Al2O3, Ni/ZrO2 and Ni/SiO2 catalysts, there was a broad distribution of nickel particles. The Ni/SiO2 catalyst has also shown a narrow distribution of nickel particles better than Ni/Al2O3 and Ni/ZrO2 catalysts. Relatively uniform distribution was observed in the Ni/TiO2 catalyst compared to other supports.  
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Figure 4.4 TEM images of the NiO catalysts a) NiO/ZrO2, b) NiO/TiO2, c) NiO/SiO2, and d) NiO/Al2O3 after calcination at 450 °C for 3 h  
4.3.1.5 H2-Temperature programmed reduction (TPR) The H2-TPR profiles of all the four catalysts are presented in Figure 4.5. The temperature maximum (Tmax) of the catalysts was significantly different for all the catalysts, whilst the profile obtained for 20wt.%Ni/Al2O3 catalyst was significantly different compared to the profiles observed for the other three catalysts. The Tmax values clearly suggest that NiO-support interactions are entirely different in all the catalysts. The 20wt.%Ni/TiO2 catalyst had a maximum reduction peak at around 440 °C which can be assigned to the reduction of Ni(II) in NiO. The temperature at which the maximum rate of reduction was observed for the aforementioned is consistent with the NiO on the catalyst having a strong interaction with support. The small shoulder peak observed at ~700 °C for 20wt.%Ni/TiO2 catalyst is most likely due to the reduction of Ni(II) which is within the lattice of TiO2 [29]. For the 20wt.%Ni/SiO2 catalyst, the 
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maximum Ni(II)  reduction peak occurred at about 322 °C, indicating the majority of NiO present in this catalyst did not interact strongly with the support. A small shoulder peak was also observed for this catalyst at higher temperature (around 450 °C) which is indicative of the catalyst containing a small amount of NiO that had a significantly stronger interaction with the support. The aforementioned TPR results for the 20wt.%Ni/SiO2 catalyst are in good agreement with the work carried out by Mile et al. [30]. For the 20wt.%Ni/ZrO2 catalyst, the Tmax which occurred at 420 °C that can be assigned to relatively free NiO species [31]. The reduction profile obtained for the 20wt.%Ni/Al2O3 catalyst was significantly different to the profiles observed for the other three catalysts. The reduction profile for this material contained two main reduction peaks of approximately similar intensity and significant overlap in the profile [32]. The lower temperature peak (at Tmax ~ 550 °C) is assigned to the weakly interacted NiO species with Al2O3 support. The high temperature peak (Tmax >800 °C) may be assigned to the formation of a NiAl2O4 spinel structure which requires high temperature for its reduction [33]. From the TPR results obtained in this study, it is clear that the behaviour of Ni was strongly influenced by the type of material on which it was supported.  Apart from the general theory of H2-TPR characterization, few researchers reported that the reduction behaviour of 20wt.%Ni/TiO2 catalyst is entirely different from the other supported Ni catalysts. It was reported that the migration of TiOx species on to the NiO is possible when reduction temperature of the 20wt.%Ni/TiO2 catalyst exceeds 350 °C. 
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Figure 4.5 H2-TPR profiles of NiO supported on a) SiO2, b) ZrO2, c) TiO2, and d) Al2O3 catalysts 
 
4.3.1.6 Pyridine adsorbed FT-IR studies  The proportion of Brønsted (BAS) and Lewis acid sites (LAS) on the Ni based catalysts was also investigated using pyridine adsorbed DRIFTS studies. It has been reported earlier that the acid sites may influence the selectivity obtained in the conversion of LA to GVL. To determine the proportion of BAS and LAS on the catalyst surface, an equimolar concentration of pyridine was adsorbed in 4 successive pulses and the DRIFT spectra were recorded. The results of this analysis, which involved measuring the intensity of bands exclusively due to the adsorption of pyridine on BAS and LAS are given in Table 4.1 in terms of the ratio of BAS/LAS in each of the Ni based catalysts. The bands that were analysed to obtain the aforementioned ratios were as follows: BAS (~1540 cm-1) and LAS (~1450 cm-1) [34-35]. It was observed that all the catalysts had a higher number of LAS compared to BAS. The proportion of BAS to LAS was clearly higher in the 20wt.%Ni/ZrO2 catalyst compared to the other Ni based 
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catalysts (Table 4.1). The 20wt.%Ni/Al2O3 catalyst had the next highest BAS to LAS ratio, while 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts both had negligible BAS to LAS ratios. A higher wavenumber (band corresponding to Lewis acid site) shift was observed for the 20wt.%Ni/TiO2 catalyst compared to other catalysts (Figure 4.6).   
 
Figure 4.6 Pyridine adsorbed DRIFT spectra of supported Ni catalysts a) 20wt.%Ni/TiO2, b) 20wt.%Ni/Al2O3, c) 20wt.%Ni/ZrO2 and d) 20wt.%Ni/SiO2 
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4.3.2 Catalysts testing results  
4.3.2.1 LA hydrogenation activities over supported Ni catalysts The results (LA conversion, GVL selectivity, CO uptakes and respective TOF values) obtained over the four different supported Ni catalysts are reported in Table 
4.2. The TOFs (turn over frequencies; in s-1) of all the catalysts were also calculated using the activity results and CO uptake values obtained from the CO pulse chemisorption experiments and the data is listed in Table 4.2. From the results given in 
Table 4.2, it can be seen that a high TOF is observed for 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 followed by the 20wt.%Ni/Al2O3 and 20wt.%Ni/ZrO2 catalysts. The high TOF of 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts were due to high LA conversion and GVL selectivity obtained over these catalysts. The low conversion obtained with the 20wt.%Ni/ZrO2 catalyst may have been partly due to this material having significantly larger Ni particles than the other catalysts. The relatively low conversion obtained with the 20wt.%Ni/Al2O3 catalyst (as compared to the 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts) was most likely due to this catalyst having a significantly lower amount of required Ni sites than the other catalysts. A significantly lower number of Ni sites in this catalyst are supported by H2-TPR results obtained for this catalyst which showed that a significant amount of the Ni in this catalyst was most likely present in the form of NiAl2O4 which may be inactive for this reaction.       
Chapter IV    Influence of support type for Ni 
119 | P a g e  
 
Table 4.2 Product distribution in the hydrogenation of aqueous LA over 20wt.%Ni supported on TiO2, SiO2, ZrO2 and Al2O3 catalysts. Reaction conditions: 10wt.% aqueous LA, 270 °C, GHSV = 19.5 mL s-1 g-1, Activity data measured after 6 h on stream 
20 wt.% 
Ni on 
% XLA Selectivity (%) CO uptake  
(µmol gcat-1)b 
TOF (s-1)c GVL AL VA MTHF Othersa TiO2 22.3 99.0 0.6 0.4 - - 43.4 4.9 SiO2 15.7 90.6 1.0 0.4 3.9 2.9 74.8 1.8 ZrO2 3.5 60.2 16.9 15.8 2.4 4.7 39.3 0.5 Al2O3 10.7 71.9 4.2 6.6 8.2 9.0 56.5 1.3 a C4 and C5- alcohols and CO2 b CO uptakes measured from pulse chemisorption c Rate/CO uptake  The 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts demonstrated very good GVL selectivity, while 20wt.%Ni/Al2O3 and 20wt.%Ni/ZrO2 catalysts both showed moderate selectivity of 72% and 60% respectively. A high selectivity towards GVL was achieved over the 20wt.%Ni/TiO2 catalyst (99%). Additionally, AL was found along with minor amounts of VA and MTHF over all the samples except on the 20wt.%Ni/TiO2 catalyst. Formation of more AL is most likely due to the rate at which AL is formed being faster than the rate at which it is hydrogenated to GVL. The hydrogenation reactivity of these samples is related to its Ni metal surface area. Presence of VA and MTHF however indicate that GVL had reacted further to form ring opening products.  The differences in selectivity towards GVL (and hence amount of AL, VA and MTHF observed) over these catalysts may be explained by two possible reasons. Higher amount of AL is most likely due to this intermediate not undergoing further reaction to GVL where this conversion would rely on the hydrogenation activity of surface Ni. Conversion of AL on a metal site or the rate of hydrogenation of double bond (in AL) on the metal site (Ni) may be very high on 20wt.%Ni/TiO2 catalyst. Hydrogenation activity 
Chapter IV    Influence of support type for Ni 
120 | P a g e  
 
of 20wt.%Ni/ZrO2 and 20wt.%Ni/Al2O3 catalysts may be low, however eventually AL is undergoing ring opening to produce VA and MTHF. Another possible reason is that the formed GVL could be converted to VA, MTHF and others, since these samples possessed relatively more number of Brønsted acid sites which are known to catalyse the ring opening of GVL (Figure 4.19). If the latter case is true then these catalysts should also have the hydrogenation activity for the formation of VA, MTHF and others. In general, a metal site with more hydrogenation activity will also be active for C-C bond hydrogenolysis site.  The differences in selectivity towards other products (VA and MTHF) can be explained in terms of the differences in the amount and type (Brønsted and Lewis) of acid sites present on the catalysts. The differences in the number (ratio) of Brønsted and Lewis acid sites between the catalysts studied were discussed in detail in Section 
4.3.1.6. From the results given in Table 4.3, it can be seen that the catalysts with the lowest BAS/LAS ratios (20wt.%Ni/SiO2 and 20wt.%Ni/TiO2 catalysts) had the lowest selectivity towards VA and MTHF, while the other two catalysts with higher BAS/LAS ratios had relatively high selectivity towards VA and MTHF. It was reported earlier that the Brønsted acidity of the catalyst initiates ring opening of GVL to form products such as VA [36-37]. In the aforementioned studies, it is reported that the cyclization step of the reaction (which leads to the formation of AL from LA) is initiated by Lewis acid sites. The selectivity towards other products like VA was almost negligible over both 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts which are due to a very low population of BAS compared to LAS on the catalyst surface. The presence of a significantly higher ratio of BAS/LAS on 20wt.%Ni/ZrO2 and 20wt.%Ni/Al2O3 surface (Table 4.3) most likely initiated the ring opening of GVL to form VA. There by a decrease in GVL selectivity was 
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seen over both the catalysts. A clear trend and correlation can be observed between BAS/LAS ratios and GVL selectivity over theses catalysts in Table 4.3. 
 
Table 4.3 Acidity correlation with product selectivity 
Catalyst BAS/LAS ratio a GVL Selectivity (%)b 
20%Ni/SiO2 <0.1 90.6 
20%Ni/Al2O3 0.29 71.9 
20%Ni/ZrO2 0.48 60.2 
20%Ni/TiO2 0.2 99.0 
TiO2 0.84 -Nil- a Measured using quantified pyridine adsorbed DRIFT curves using Kubelka-Munk function. b Activity data measured after 6 h on stream.  
4.3.3 Catalyst stability studies  The stability of Ni based catalysts in the vapour phased LA conversion was studied by performing time on stream analyses at 270 °C and atmospheric pressure. The results obtained from the stability tests, are listed in Table 4.4.  From the results compiled in Table 4.4, it can be seen that the 20wt.%Ni/TiO2 catalyst displayed very high activity and selectivity towards GVL after 15 h time on stream. The 20wt.%Ni/SiO2 catalyst also displayed high activity after 15 h however; the selectivity towards GVL was significantly lower than that observed after 6 hours (see Table 4.3). The 20wt.%Ni/Al2O3 and 20wt.%Ni/ZrO2 catalysts both displayed significantly lower activity and GVL selectivity than the aforementioned catalysts after 15 h time on stream. The loss in activity of these catalysts after 15 h of on stream was explained by the CHNS analysis of the used catalysts. 
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CHNS analysis of the used catalysts revealed that there was negligible carbon deposition over the 20wt.%Ni/TiO2 catalyst (even after 15 h of the reaction time). The decline in the activity of other three systems may be attributed to  partial deactivation of the catalysts due to fouling agents like angelica lactone formed as an intermediate [38] and also coke deposition (~2 wt.%) on the surface of the catalysts which was confirmed by CHNS analysis (Table 4.4). The marginal decrease in GVL selectivity over the Ni/SiO2 catalyst is most likely due to coking occurred predominantly on sites that influence the selectivity (metal sites). The used Ni/TiO2 catalyst was also characterized by XPS and it shows the presence of metallic Ni after the reaction (15 h) which supports the stability of Ni/TiO2 catalyst in aqueous LA hydrogenation. 
 
Table 4.4 Stability tests of supported Ni catalysts in LA to GVL conversion Reaction conditions: 10wt.% LA in H2O, 270 °C, GHSV = 19.5 mL s-1 gcat-1, H2 = 20 cm3 min-1, Time = 15 h 
Catalyst 
20 wt% Ni 
LA conversion 
 (%) 
GVL selectivity 
 (%) 
Carbon  
(%)a 
Ni/TiO2 21.5 98.7 0.08 
Ni/SiO2 14.8 89.6 0.52 
Ni/ZrO2 3.6 61.0 2.57 
Ni/Al2O3 10.2 72.5 2.28 
a Obtained from CHNS analysis 
 
4.3.4 XPS analysis of the used catalysts  The used catalysts were characterized by XPS analysis after stability studies for 15 h in the vapour phase LA hydrogenation and the obtained results are represented in 
Figure 4.7. The spectra show presence of Ni in both oxide and metallic phase at a binding energy of 856.7 eV and 851.7 eV (satellite peak at 862.6 eV) respectively in all 
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the catalysts. The presence of Ni at these binding energies is in good agreement with the reported values and the results obtained in chapter III [39].  
 
Figure 4.7 XPS analysis of used (15 h) Ni catalysts a) 20wt.%Ni/TiO2, b) 20wt.%Ni/ZrO2, c) 20wt.%Ni/Al2O3 and d) 20wt.%Ni/SiO2 
 
4.3.5 Self poisoning studies: Influence of pyridine and 2,6-dimethyl pyridine on 
catalytic activity of 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts Based on the results discussed in the previous section, which supported that the selectivity of the catalysts studied was influenced by the type/nature of acidity present on the catalyst surface, a detailed investigation was carried out using two different probe molecules namely pyridine (both Brønsted and Lewis acid site blocker) and 2,6-diemthylpyridine (as selective Brønsted  acid site blocker; Figure 4.8). 
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Figure 4.8 Schematic showing the surface poisoning of Brønsted and Lewis acid sites using pyridine and 2,6-dimethylpyridine  The results from activity measurements in presence and/or absence of pyridine and/or 2,6-dimethyl pyridine are given in Table 4.5. It can be seen that significantly lower conversion was obtained with both catalysts when pyridine injected along with LA. The conversion of LA was decreased to 7% from 31% (for Ni/TiO2 catalyst) and 9% from 30% (for Ni/SiO2 catalyst). The selectivity towards GVL was decreased moderately over both the catalysts when pyridine was added to the LA stream. The significant decrease in LA conversion observed upon pyridine addition was most likely due to (1) a significant decrease in acid sites (both BAS and LAS), which are required for the first step in the reaction sequence (i.e. LA to AL; dehydration/cyclization) and  (2) blockage of  active Ni sites due to  pyridine adsorption. When 2,6-dimethylpyridine was added (and hence only Brønsted acid sites were significantly blocked), the conversion of LA decreased from 31% to 23% on Ni/TiO2 and from 35% to 25% over the Ni/SiO2 catalyst. Marginal increase was seen in the GVL selectivity over Ni/TiO2 catalyst and no significant change in GVL selectivity was observed for the Ni/SiO2 catalyst. The decrease 
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in LA conversion when 2,6-dimethylpyridine was present is most likely due to the blockage of some surface acid sites on the catalyst surface. These results thus suggesting the role of Lewis acid sites present on the catalyst surface will initiate the LA conversion to AL.  
Table 4.5 Influence of probe addition in aqueous LA hydrogenation over Ni/TiO2 and Ni/SiO2 catalysts.  Reaction conditions: 10wt.% aqueous LA, 270 °C; GHSV = 9.74 mL s-1 g-1 
Experiment LA conversion (%) GVL selectivity (%) Ni/TiO2 Ni/SiO2 Ni/TiO2 Ni/SiO2 
Before addition 31.5 29.9 96.2 90.5 
After Py addition a 7.1 9.70 88.7 81.1 
After regeneration c 29.2 27.8 92.3 88.8 
Before addition 30.7 35.3 96.8 92.5 
After 2,6-dimethylpyridine addition b 23.8 25.2 98.1 91.5 
After regeneration c 28.5 30.7 97.2 89.6 a Pyridine (12.4 mmol) was added in 4 successive pulses  b 2,6-dimethylpyridine (12.46 mmol) was added in 4 successive pulses  c Activity after regeneration of the catalysts (at 450 °C in flowing air and subsequent reduction at 450 C for 1h) 
 
4.3.6 Comparison of TiO2 and Ni/TiO2 using pyridine adsorbed DRIFTS studies From the above studies, it is clear that the Ni/TiO2 catalyst was most active and selective for GVL formation. According to reported literature, the hydrogenation of LA to GVL reaction mechanism is mainly influenced by the nature of acid sites and metal sites present in the catalyst. The former is responsible for cyclization and the latter is active for double bond reduction [40-41]. The role of metal and strength of acidity were investigated by comparing the BAS/LAS ratios of the Ni/TiO2 catalyst with the support 
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material (TiO2). Pyridine as a basic probe was again used in order to distinguish the Brønsted and Lewis acid sites by means of DRIFTS studies and the obtained results are presented in Figure 4.9.  
 
Figure 4.9 Pyridine adsorbed DRIFT spectra of a) TiO2 and b) Ni/TiO2 catalysts  A comparison between TiO2 and Ni/TiO2 (Figure 4.9) indicated a high ratio of BAS/LAS over TiO2 (Table 4.3). Under similar experimental conditions using aqueous LA, TiO2 exhibited very low conversion (<5%) with 100% selectivity towards angelica lactone. From these studies, it can be inferred that the acidic sites present on the surface of the support (absence of Ni) may not be strong enough to initiate the reaction. This result emphasizes that the role of Ni is crucial in the conversion of aqueous LA to GVL and is consistent with the earlier discussion. Therefore, from these results it is believed that the reaction is initiated by the Lewis acid sites of the catalysts present on the 
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surface in combination with Ni metal and presence of BAS on the catalyst surface will lead to ring opening of either GVL or AL to form VA.   
4.3.7 Influence of metal and acid sites  To understand the role of Ni and acid sites in the Ni catalysed LA hydrogenation to GVL reaction, studies were conducted using bulk NiO, an inert support i.e. α-Al2O3 and 20wt.%Ni supported on α-Al2O3 and the results are reported in Table 4.6. The α-Al2O3 (known as an inert material possesses neither basic nor acid sites) showed very low activity at 325 °C with 100% selectivity towards AL, while the bulk NiO demonstrated about 9.5% LA conversion with 98.8% selectivity towards GVL. On the other hand, the 20wt.%Ni/α-Al2O3 catalyst exhibited 11.2% of LA conversion and 93.6% GVL selectivity. From the results and the results obtained in the previous sections, it is clearly emphasized that an inert support such as α-Al2O3 is inactive and the NiO supported on α-Al2O3 demonstrated significantly better activity than the bulk NiO alone. Hence, it can be concluded that presence of a metal site i.e. Ni (in the present case) in close contact/proximity to a Lewis acid site seems to be highly active in the relative conversion of LA to GVL. 
 
Table 4.6 LA hydrogenation activities over bulk NiO, α-Al2O3 and 20wt% Ni/α-Al2O3 catalysts Reaction conditions: 10wt.% aqueous LA, 325 °C; H2 flow = 20 cm3 min-1, GHSV = 1.95 mL s-1 gcat-1.  
Catalyst XLA SAL SGVL rAL / 10-9  
(mol gcat-1 s-1) 
rGVL / 10-9  
(mol gcat-1 s-1) 
α-Al2O3 0.2 100 0.0 0.98  0.0 
NiO 9.5 1.7 98.8 0.79  46  
20wt% Ni/α-Al2O3 11.2 6.4 93.6 8.60  133  
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4.4 Summary and Conclusions The GVL yields obtained using Ni supported on different supports followed the order: TiO2 ≥ SiO2 > Al2O3 >> ZrO2. The lower activity of 20wt.%Ni/ZrO2 and 20wt.%Ni/Al2O3 compared to 20wt.%Ni/TiO2 and 20wt.%Ni/SiO2 catalysts was explained by lower number of active surface metal sites and higher number of Brønsted acid sites present on the catalyst surface. 1. XRD analysis revealed the presence of Ni phase in all the catalysts, which was further supplemented by UV-DRS analysis. 2. Metal-support interactions were clearly observed from the H2-TPR analysis.  3. From the TEM images, it was also clear that the morphology of NiO species was different when it is supported on different metal oxides. A uniform distribution can be seen for Ni/TiO2 catalyst which may be one of the reasons for its relatively high activity. 4. The presence of very low BAS/LAS ratio on the catalyst surface (pyridine adsorbed DRIFTS study) was one of the key factors for the high GVL selectivity compared to Ni supported on Al2O3 and ZrO2 catalysts. 5. The self poisoning studies using pyridine and 2,6-dimethyl pyridine demonstrated that Lewis acid sites in conjunction with metallic Ni sites are highly active for LA conversion to GVL under the reaction conditions adopted. 6. The stability of Ni/TiO2 catalyst was also found to be high compared to other catalyst systems. The high stability of Ni/TiO2 catalyst was most likely due to the strong metal support interactions present in the Ni/TiO2 catalyst. Finally, it was concluded that the Ni/TiO2 catalyst has been found to be more suitable catalyst for LA to GVL reaction not only in terms of activity but also stability when compared to Ni supported on SiO2, Al2O3 and ZrO2 catalysts.  
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 In this chapter, synthesis, characterization and catalytic activity of the WOx modified Ni/TiO2 catalyst is discussed for the levulinic acid conversion to valeric acid. The prepared catalysts were thoroughly characterized by means of various characterization techniques such as XRD, XPS, pulse chemisorption, H2-TPR and pyridine adsorbed DRIFTS. Later, the catalysts were screened for the one step upgradation of levulinic acid to valeric acid in the vapour phase at an ambient pressure. The long term stability tests were also carried out for the best catalyst obtained in this study followed by the characterization of the used catalyst by means of various characterization techniques such as XRD, XPS, NH3-TPD and CHNS. 
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Chapter V Vapour phase hydrogenation of aqueous levulinic acid to 
valeric acid over W modified Ni/TiO2 catalysts 
 
 
 
Abstract This chapter reveals the effect of W on Ni/TiO2 catalyst in the vapour phase hydrogenation of levulinic acid (LA) to valeric acid (VA) examined at 270 °C and atmospheric pressure. Interaction between W and Ni had a significant influence on the hydrogenation activity and product selectivity. The H2-TPR results emphasized a shift in Tmax to high temperatures due to WOx species which are in close proximity to Ni particles. X-ray photoelectron spectra also demonstrated shift in binding energy to higher owing to a strong interaction between W and Ni particles by the presence of ionic Ni at the near surface region. The ionic Ni species seems to promote the conversion of γ-valerolactone to valeric acid. 
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5.1 Introduction  As mentioned earlier, levulinic acid (LA) can be obtained via a simple and robust acid hydrolysis of a cheap and inedible lignocellulosic biomass and it can be readily hydrogenated into γ-Valerolactone (GVL; a fuel additive) [1-5]. There have been a number of studies reported on LA hydrogenation to GVL over both homogeneous and heterogeneous (noble and non-noble) catalysts in the liquid phase as well as in the vapour phase [6-13] and a detailed investigation on Ni based catalysts was also carried out for the vapour phase LA hydrogenation to GVL in the last two chapters. Apart from that, there is also growing concern on the conversion of GVL to other useful compounds such as valeric acid (VA) and 2-methyltetrahydrofuran (MTHF) [14-18]. Among various compounds obtained from LA, the high energy density liquid VA has been found to be a potential candidate in the bio-fuel production as the valerate esters are being used as blending agents for both gasoline and diesel [19]. Conversion of LA to VA over non-noble metal based catalysts is a promising approach when compared to the use of expensive noble metal catalysts [20]. From R&D perspectives, exploration of catalytic processes with zero waste and reduction of multitude processes into single step is mandatory [21]. Reported methods use supported noble metal catalysts for the conversion of LA to valeric acid is gaining momentum [22]. For example surface modification of non-noble metal based catalysts for the single step conversion of LA to VA is economically attractive [23].  Lange et al. reported the synthesis of valerate esters in a multi-step process using Pt/TiO2 catalyst for LA to GVL conversion followed by subsequent GVL to VA and esterification of VA to valerate ester over Pt/H-ZSM-5 catalyst [24]. In a systematic study, Weckhuysen et al. examined the zeolite supported Ru catalyst for LA to VA; 
Chapter V   LA to VA over W modified Ni/TiO2 catalysts 
135 | P a g e  
 
obtained 45.8% yield using dioxane as solvent at 200 °C and 40 bar H2 pressure [25]. Fu et al. tested the LA hydrogenation over Ru/SBA-SO3H catalyst in ethanol resulted in the co-production of VA and ethyl valerate with a total yield of 94% at 240 °C and 40 bar H2 pressure [26]. Kenichi et al. reported a selective catalytic route for valeric acid from LA over Pt/HMFI catalyst at 200 °C and 8 bar H2 pressure [27]. Shell laboratory obtained a patent on the conversion of LA to GVL and subsequent GVL conversion to VA with 70% yield over the Pt/H-ZSM-5/SiO2 catalyst [28]. Qiu et al. reported the integrated electrocatalytic processing of LA and formic acid mixture to VA with >90% selectivity of VA over a Pb electrode with a Faradic efficiency of >47% in the single electrocatalytic flow cell reactor [29]. An excellent paper reported from Dumesic group on the hydrogenation of LA to VA and 5-nonanone through GVL over a combination of Ru/C (LA to GVL) and Pd/Nb2O5 (GVL to VA and 5-nonanone) catalysts [30]. Most of these reports were on the exploration of supported noble metal catalysts under high H2 pressures. To the best of our knowledge, there are no reports on direct conversion of LA to VA in vapour phase at an ambient pressure and the reaction temperature maintained in this study otherwise is also very close to the reported temperatures in a batch reactor at very high H2-pressures.  
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Figure 5.1 Catalytic hydrogenation of levulinic acid to valeric acid 
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Based on the above mentioned literature and the product distribution obtained in the last two results chapters (chapter III and chapter IV: VA selectivity was observed on account of surface Brønsted acidity on the catalyst surface), instead of developing a new catalytic system for this direct LA to VA conversion strategy, an acidic promoter (WOx) was added to the Ni/TiO2 system in order to improve the VA yields. This chapter is focussed on vapour phase hydrogenation of LA to VA (Figure 5.1) over the W modified Ni/TiO2 catalysts at ambient pressure. Influence of W loading was investigated in this vapour phase LA conversion to VA. Nature of acid sites on W modified Ni/TiO2 catalysts were rationalised using pyridine adsorbed DRIFTS analysis. The interaction between Ni and W species was examined by XPS analysis. The reduction behaviour of W modified Ni/TiO2 catalysts were investigated using H2-TPR analysis. The catalyst long term stability tests and post characterization studies were also carried out using XRD, XPS, TEM and CHNS analyses.  
5.2 Experimental In this study, Ni/TiO2 and WOx/TiO2 catalysts were prepared using a wetness impregnation method and W loaded Ni/TiO2 catalysts were synthesized using a modified impregnation method. The vapor-phase hydrogenation of LA was carried out in a fixed bed quartz reactor in down flow mode. Prior to the reaction, catalysts were reduced at 500 °C for 3 h. Details on all chemicals, catalysts preparation and experimental/characterisation procedures used in this chapter are given in Chapter II.    
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5.3 Results and discussion 
5.3.1 Characterization 
5.3.1.1 Powder X-ray diffraction (XRD) The powder XRD patterns of the oxide precursors of NiO/TiO2 and NiO-WOx/TiO2 samples are presented in Figure 5.2. The diffraction lines due to NiO are clearly observed in all of the precursors with reflections at 2θ = 37.2, 43.2, 62.8 and 75.4° with face centred cubic geometry (ICDD #: 78-0429). The diffraction lines at 2θ = 19.2, 31.0 and 65.8° are due to NiWO4 that has monoclinic geometry (ICDD #:72-0480) corresponding to (100), (111) and (202) planes respectively. The diffraction lines at 2θ = 14.2, 28.8 and 32.6° are attributed to the presence of different mono and polymeric WxOy species (such as WO2.9, W20O56 and W25O73). The remaining diffraction lines are due to TiO2 support (anatase and rutile phases (ICDD #:78-2486 and 87-0710 respectively).  
 
Figure 5.2 Powder XRD patterns of the calcined (a) NiO/TiO2 and NiO-WOx/TiO2 catalysts with (b) 1.0, (c) 1.5, (d) 2.0 and (e) 2.5 wt.%W 
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After reduction (Figure 5.3), diffraction lines corresponding to metallic Ni are clearly observed at 2θ = 44.5, 52.0 and 76.5° (ICDD #: 04-0850). The diffraction lines due to NiWO4 are also found at 2θ = 19.2, 31.0 and 65.8° (ICDD #:72-0480). Reduction of NiO-WOx/TiO2 leads to strong diffraction lines due to WO2 (ICDD #:02-0414). The WxOy species are reduced to various WxOy species (W18O49, W3O and W20O56) along with WO2. The XRD spectra also revealed the presence of more WO2 species at higher loading (2.5wt.% W) due to the reduction of WxOy species at 500 °C.   
 
Figure 5.3 Powder XRD patterns of the reduced (a) 20wt.%Ni/TiO2 and Ni-WOx/TiO2 catalysts with (b) 1.0, (c) 1.5, (d) 2.0 and (e) 2.5wt.%W on 20wt.%Ni/TiO2  The reduced form of 1.5wt.%W/TiO2 catalyst only contained WO3 along with TiO2 phase based on the XRD results obtained (Figure 5.4). The differences in W species observed, and their reactivity when exposed to reducing conditions between the 
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W/TiO2 and W-Ni/TiO2 catalysts indicates that there is a strong interaction between Ni and W (and most likely Ti) in the prepared Ni-W catalysts. Interestingly, this interaction leads to the formation of different “free” tungsten species (both before and after reduction) in both catalysts. Reduction of WxOy species seems to occur while WxOy are in close contact with nickel particles by the hydrogen activation on surface Ni resulted in the reduction of WxOy.   
 
Figure 5.4 Powder XRD patterns of the reduced 1.5wt.%W/TiO2 catalyst  The W-20wt.%Ni/TiO2 catalyst samples with 1wt.% and 1.5wt.% of W loading; the diffraction lines of WxOy species were almost absent. Particularly at 1.5wt.% W loaded Ni/TiO2; the NiWO4 phase is more prominent and further increase in W content led to the formation of WxOy species. The XRD spectra (Figure 5.5) also revealed the presence of WO2 species at higher loading due to the reduction of WxOy species at 500 °C.  
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Figure 5.5 XRD patterns of the reduced W-Ni/TiO2 catalysts with different W content  
5.3.1.2 H2-Temperature programmed reduction (TPR) TPR pattern of the 1.5wt.%W/TiO2 sample did not show any reduction signals indicating the inert behaviour of tungsten oxide species even up to 1000 °C (Figure 5.6 
a) (It should be noted that WO3 species require high temperatures for the reduction when deposited on TiO2 [32]). The 20wt.%Ni/TiO2 with 'W' loadings of 0.0, 1.0, 1.5, 2.0, 2.5wt.% catalysts showed two reduction peaks. The low temperature reduction peak around 452 °C (Figure 5.6 b) is due to Ni2+ to Ni0 (dispersed NiO) and the high temperature signal at 648 °C is ascribed to the reduction of large clusters of NiO particles [28]. Both of these reductions peaks are shifted to higher temperatures upon doping of ‘W’ to Ni-TiO2 (Figure 5.6 c-f). This shift toward higher reduction temperatures with increased ‘W’ loading is most likely due to interaction between nickel and tungsten particles - this interaction most likely involves small clusters of W 
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oxides being present on the NiO particles where the W oxides hinder the reduction of the underlying NiO.  However, the shift in Tmax to high temperatures is due to interacted nickel oxide with tungsten particles. Hence it can be inferred that a reduction temperature of 500 °C is insufficient to convert the total Ni2+ to metallic Ni and a minimum of >750 °C temperature is thus required to obtain the metallic Ni for the ‘W’ loaded samples (Figure 5.6 b-f). Under the reduction (catalyst activation) conditions employed (reduced at 500 °C), the nickel particles prevail in both metallic and ionic form.  
 
Figure 5.6 H2-TPR profiles of the (a) 1.5wt.%W/TiO2 , b) 20wt.%Ni/TiO2 c) Ni-WOx/TiO2  catalysts with W loading of c)1.0, d) 1.5, e) 2.0 and f) 2.5wt.% 
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5.3.1.3 X-ray photo electron spectroscopy (XPS)  The X-ray photoelectron spectra of 20wt.%Ni/TiO2 and 1.5wt.%W loaded Ni/TiO2 samples are reported in Figure 5.7. The Ni 2p signals of 20wt.%Ni/TiO2 showed Ni in the form of both Ni0 at a binding energy of 852.1 eV (satellite peak at 860.7 eV) and Ni2+ at 855.4 eV [35]. The 1.5wt.%W-20wt.%Ni/TiO2 sample also showed the presence of both Ni0 and Ni2+ species at the near surface region. The signals due to metallic Ni however were shifted to higher binding energy in the 1.5wt.%W-20wt.%Ni/TiO2 compared to the 20wt.%Ni/TiO2 catalyst (852.1 eV (Ni/TiO2) to 853.2 eV (Ni-WOx/TiO2). These results indicate interaction between Ni and W. This is further supplemented from the shift in reduction signal in H2 - TPR analyses of W-Ni/TiO2 catalysts and these are also in good agreement with earlier reports [35].  
 
Figure 5.7 Ni 2p XPS spectra of a) 20wt.%Ni/TiO2 and b) 1.5wt.%W-20wt.%Ni/TiO2 catalysts 
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The presence of trace amounts of other oxidation states of W (due to WO2 and WxOy) at higher W loading was also confirmed by the XPS analysis of Ni 2p XPS spectra of 2.5wt.%W-20wt.%Ni/TiO2 catalyst in Figure 5.8) where, multiple peak fit is observed in the XPS spectrum Ni 2p XPS spectra of 2.5wt.%W-20wt.%Ni/TiO2 catalysts.  
 
Figure 5.8 W 4f spectrum of 2.5wt.%W-20wt.%Ni/TiO2 catalyst  
5.3.1.4 Physico chemical characteristics The Physico chemical characteristics of the TiO2 supported Ni catalysts are compiled in Table 5.1. From TPD of ammonia and pyridine adsorbed DRIFTS analyses, it is clear that an increase in acidity is observed after W modification to the Ni/TiO2 catalyst. The pyridine adsorbed DRIFTS analysis of the Ni/TiO2 and W-Ni/TiO2 catalysts indicated almost 17 times higher Brønsted acidity on the W-Ni/TiO2 catalyst than the Ni/TiO2 catalyst. The particle size calculation of these catalysts (from XRD and TEM) 
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indicated a small increase in the Ni size (particle/crystallite) after W addition to the Ni/TiO2 catalyst system.  
Table 5.1 Physico chemical characteristics of the catalysts 
Catalyst 
(20% Ni) 
NH3 uptake 
(µmol g-1)a 
BAS/LAS 
ratiob 
Crystallite/particle size (nm) XRDc TEMd 
Ni/TiO2 41.2 0.2 21.5 22.4±1.6 
Ni-1W/TiO2 - - 22.1 - 
Ni-1.5W/TiO2 64.8 1.78 22.7 24.8±1.1 
Ni-2W/TiO2 - - 22.5 - 
Ni-2.5W/TiO2 - - 22.8 - a Obtained from TPD of NH3; b Calculated using quantified pyridine adsorbed DRIFT curves; c Crystallite size calculated form XRD patterns using Scherrer equation; d Average particle size calculated from TEM images.  
 
5.3.1.5 Diffused reflectance UV-Vis spectroscopy The Diffused reflectance UV-Vis spectra of the 20wt.%Ni/TiO2 and 1.5wt.%W-20wt.%Ni/TiO2 catalysts (both calcined and reduced forms) are compared in Figure 
5.9. The spectra of the calcined Ni/TiO2 catalyst showed an absorption band at 240 nm 
and a shoulder around 310 nm, indicating its origin from O → Ni charge transitions (O2p to metal). The bands at 720 nm and 380 nm represent the octahedrally coordinated Ni2+ species in NiO lattice. In contrast, the reduced catalysts showed two broad signals between 200-500 nm. Almost similar type of spectra is observed for both the Ni/TiO2 and 1.5wt.%W-20wt.%Ni/TiO2 catalysts indicating the superior interaction/dispersion of W species on NiO species. In both (calcined and reduced) forms a blue shift was observed for the Ni/TiO2 catalyst after W modification. This result indicates the formation/possibility of interaction between Ni and W species present in the catalyst.      
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Figure 5.9 Diffused reflectance UV-Vis spectra of the 20wt.%Ni/TiO2 and 1.5wt.%W-20wt.%Ni/TiO2 catalysts A) calcined and B) reduced 
 
5.3.1.7 Transmission electron microscopy (TEM) 
Figure 5.10 shows TEM images obtained for the reduced 20wt.%Ni/TiO2 catalyst, reduced and used forms of the 1.5wt.%W-20wt.%Ni/TiO2 catalysts. From the images, a uniform distribution can be seen in both the 20wt.%Ni/TiO2 and 1.5wt.%W-20wt.%Ni/TiO2 catalysts with particles (Ni and Ni-W species) in spherical shapes. It has been observed that there is a slight increase in particle size of Ni after modification with W to the Ni/TiO2 catalyst. No significant change was observed in the average metal particle size of the 1.5wt.%W-20wt.%Ni/TiO2 catalyst even after 60 h of its use and the results were also correlated with the XRD results in Table 5.1.  
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Figure 5.10 TEM images of the (a) Ni/TiO2, (b) reduced and (c) used 1.5wt.%W-20wt.%Ni/TiO2 catalysts 
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5.3.2 Activity measurements The vapour phase hydrogenation of LA carried out over various ‘W’ loaded (0.0 to 2.5wt.%) 20wt.%Ni/TiO2 catalysts and the data is reported in Table 5.2. Conversion of LA is decreased from 92.3 to 76.0% upon doping of 0.5wt.%W to 20wt.%Ni/TiO2 and at higher W loadings, no considerable change is found. Interestingly, the rate of AL is increased with increase in W loading. However, the rate of VA increased upto a loading of 1.5wt.%W and beyond this it is decreased. It is also found that the rate of VA is at the cost of GVL. The enhanced rate of AL in W loaded 20wt.%Ni/TiO2 catalysts may be due to a higher number of acid sites contributed from W-TiO2 interacted species. Formation of other products such as MTHF, C4 and/or C5-alcohols are absent in the absence of tungsten. On the contrary, the yields of these products are increased with increase in ‘W’ loading. Tungsten with higher loadings seems to enhance the Brønsted acid sites which are identified as active sites for the ring opening of GVL to form VA [27]. A drastic fall in the rate of GVL can be explained by a decrease in surface Ni metal sites by the interaction with W which is confirmed by N2O decomposition measurements (Table 
5.2). This phenomenon is further supported by the H2-TPR analysis of the W loaded 20wt.%Ni/TiO2 catalysts (Figure 5.6). Though rate of VA is increased up to 1.5wt.%W; the GVL rate is further decreased at higher ‘W’ loadings. This indicates that at higher loadings of tungsten; conversion of GVL either to MTHF or C4-alcohol is occurred. It has been reported that the hydrogenation of AL to GVL is rapid relative to LA dehydration to AL formation (Figure 5.12). In the comparative analysis, it is observed that the 20wt.%Ni/TiO2 demonstrated very low VA and AL rates and higher GVL rate than the 1.5wt.%W-20wt.%Ni/TiO2 catalyst (Table 5.2).  
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Table 5.2 Hydrogenation of LA over W modified 20wt.%Ni/TiO2 catalysts prepared by co-impregnation of 20wt.%Ni and varied W loadings on TiO2. Reaction temperature = 270 °C; 10wt.%  aqueous LA; H2 flow rate 30 mL min-1 
‘W’ loading in  
20wt%Ni-W/TiO2 
N2O uptake 
(µmol gcat-1) 
LA Conversion 
(%) 
Selectivity (%) 
VA GVL AL aOthers 
0.0 237.0 92.3 0.6 98.5 0.9 - 
1.0 162.0 74.2 29.3 52.0 13.0 5.7 
1.5 116.8 73.5 48.5 36.0 11.3 4.2 
2.0 130.5 74.3 39.0 37.5 13.5 10.0 
2.5 124.2 68.0 35.0 32.5 18.0 14.5 a Others include MTHF, 1,4-diol and C4-alcohol  Reduction of the W modified Ni/TiO2 samples at 500 °C results in the formation of both metallic and ionic Ni species. This is explained from the TPR analysis (Figure 
5.6) which showed the increased interaction between nickel and tungsten particles caused the difficulty in reduction of nickel oxide species as observed a dramatic shift in Tmax to very high temperatures. We believe that metallic Ni seems to be slightly more reactive than the ionic Ni and the Ni sites that are closely interacted with W-TiO2 particles may be involved in further conversion of GVL to VA. This effect is clearly seen as all the samples were reductively pre-treated at 500 °C prior to the reaction and the TPR patterns demonstrated that upon increasing W loading; the peak intensity of high temperature reduction signal increased which is attributed to ionic Ni. On the other hand, Ni particles interacted with TiO2 are selective for the formation of GVL through the hydrogenation of AL.    Further increase in W loadings led to a marginal decrease in VA selectivity with the formation of other products such as MTHF and 1,4-diol. Although an increase in the Brønsted acidity is expected for these catalysts (with W content of 2.0 and 2.5wt.%), 
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formation of different species (such as WO2 confirmed by XRD; Figure 5.5). These results were also further corroborated by H2-TPR analysis of W-Ni/TiO2 at higher loadings (Figure 5.6). It is also found that the addition of W to Ni/TiO2, a decrease in GVL selectivity is observed thus confirming the ring opening of GVL is occurring on the Brønsted acid sites to form VA and/or MTHF. Therefore, from the aforementioned results, it is clear that the influence of W loading is effective at W = 1.5wt.% for the optimized VA yield under the reaction conditions maintained in this investigation. The 1.5wt.%W/TiO2 catalyst showed about 5% LA conversion with 92% AL selectivity (Table 5.3). Products such as VA and GVL are absent on the 1.5wt%W/TiO2 catalyst. These results thus explain that 1.5wt.%W/TiO2 sample seems to dehydrate the LA and the active sites present on 1.5wt.%W/TiO2 are inactive for the hydrogenation of AL into either GVL or VA. Modification of surface Ni by W drastically changed the product distribution (Table 5.2 and Table 5.3). Rate of GVL is reduced consequently the VA rate is improved in the presence of tungsten with an optimum tungsten loading of 1.5wt.% demonstrated 48.5% selectivity of VA.  AL is identified as major product over 1.5wt.%W/TiO2 sample. These results thus indicate the involvement of Ni sites that are crucial for the hydrogenation particularly, the reduction of AL to GVL on metal sites and the ring opening of GVL over Brønsted acid sites. To further understand the role of WOx and NiO-WOx interacted species on LA conversion and on the VA selectivity; the reaction was carried out on a mixed oxide composed of Ni/TiO2+WOx/TiO2 prepared by mechanical mixing that showed selective GVL formation and very poor VA yields (Table 5.3). Therefore it can be concluded that the W interacted with Ni sites are prone to ring opening of GVL to form VA on Brønsted acid sites. 
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Table 5.3 Effect of method of preparation of W-Ni/TiO2 catalysts in the vapour phase LA conversion; Reaction temperature = 270 °C; 10wt.% aqueous LA 
Catalyst LA Conversion 
(%) 
Selectivity (%) 
VA GVL AL Othersa 
b20wt%Ni-1.5wt.%W/TiO2 73.5 48.5 36.0 11.3 4.2 
c20%Ni/TiO2+1.5wt.%W/TiO2-MM 32.7 2.4 90.0 1.0 6.6 
d1.5wt.%W/TiO2 5.0 0.0 0.0 92.0 7.9 a Others include MTHF, C4, C5-alcohols; b Catalyst prepared by co-impregnation;  c Catalyst prepared by mechanical mixing; d Using 1.5wt.%W/TiO2.  The increase in VA selectivity is attributed to the increase in the Brønsted acid sites on the W modified Ni/TiO2 catalyst surface. The nature and strength of Brønsted and Lewis acid sites are also investigated by pyridine adsorbed DRIFT spectroscopy (Figure 5.11). The improved Brønsted acidity of the 1.5wt.%W-20wt.%Ni/TiO2 catalyst relative to the 20wt.%Ni/TiO2 catalyst is attributed to the presence of WOx species present on the surface of the catalyst.  
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Figure 5.11 Pyridine adsorbed DRIFT spectra of a) 20wt.%Ni/TiO2 and b) 1.5wt.%W-20wt.%Ni/TiO2 catalysts 
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The vibrational bands due to pyridine-surface acid site interactions are distinguished by a peak fitting using Gaussian function. These spectra show the formation of both protonated pyridine (1540 and 1636 cm-1) and coordinated pyridine (at 1620 and 1450 cm-1) in presence and absence of W in 20wt.%Ni/TiO2 catalysts. The other bands present in the DRIFT spectra correspond to both protonated and coordinated pyridine at 1489 cm-1 and 1513 cm-1. The bands present at 1580-1600 cm-1 region is due to weak interaction of pyridine with the acid sites present on the catalyst surface [37-38]. The characteristic pyridine adsorbed IR bands attributed to Lewis acid (1448 cm-1) and Brønsted acid sites at 1539 cm-1 (quantified DRIFT spectra is obtained using Kubelka-Munk correction) are used to measure the relative distribution of the acid sites on 20wt.%Ni/TiO2 and 1.5wt.%W-20wt.%Ni/TiO2 catalysts. The spectra clearly demonstrated a high proportion of Brønsted to Lewis acid sites (BAS/LAS) over 1.5wt.%W-20wt.%Ni/TiO2 compared to Ni/TiO2 catalyst. The BAS/LAS ratio on 1.5wt.%W-20wt.%Ni/TiO2 is approximately 17 times higher than that determined for the 20WT.%Ni/TiO2 catalyst.   To gain an insight into the reaction mechanism, the catalytic activities were also evaluated using aqueous GVL (Table 5.4). Rate of VA over 20wt.%Ni/TiO2 catalyst is an order of magnitude lower than on 1.5wt.%W-20wt.%Ni/TiO2. The selectivity of VA was considerably good (>58%) over 1.5wt.%W-20wt.%Ni/TiO2 with 60% GVL conversion. However, the conversion of GVL over both the catalysts was lower compared to LA conversion under identical experimental conditions (Table 5.4). Using AL as a substrate, the 20wt.%Ni/TiO2 exhibited better conversion (~68.8%) compared to 1.5wt.%W-20wt.%Ni/TiO2 catalyst (~44.6%). Rate of GVL is almost twice over 
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20wt.%Ni/TiO2 than on 1.5wt.%W-20wt.%Ni/TiO2 catalyst with slightly lower VA rate (Table 5.4).  
Table 5.4 Hydrogenation of different feeds over 20wt.%Ni/TiO2 and 1.5wt.%W-20wt.%Ni/TiO2  catalysts, reaction temperature: 270 °C; 10wt.% aqueous feed, H2 flow rate 30 mL min-1. 
Feed 
 
Catalyst 
20wt% 
Conversion 
(%) 
 Selectivity (%) 
VA GVL AL MTHF 1,4-Diol  2-pentanone 
LA Ni/TiO2 92.3 0.6 98.5 0.9 0.0 0.0 0.0 
LA Ni-1.5%W/TiO2 73.5 48.5 36.0 11.3 1.0 2.2  1.0 
GVL Ni/TiO2 35.3 10.0 - 0.0 19.7 41.2  28.5 
GVL Ni-1.5%W/TiO2 60.8 58.6 - 0.0 13.3 19.2  8.9 
AL Ni/TiO2 68.8 10.0 88.8 - 2.0 0.0 0.0 
AL Ni-1.5%W/TiO2 44.6 24.2 75.8 - 0.0 0.0 0.0  Whereas GVL as substrate, the hydrogenation rate of keto group (in GVL) to MTHF is slightly lower in the absence of tungsten. Hydrogenolysis rate (i.e. ring opening via C-O cleavage) of GVL to diols is low over 1.5wt.%W-20wt.%Ni/TiO2. The overall rate of VA is higher by an order of magnitude in presence of W. The 20wt.%Ni/TiO2 is selective for the conversion of LA to GVL and GVL as a substrate, the ring opening of GVL occurred to form diols rather than VA. Quiet contrast to this, rate of VA is higher by an order of magnitude over 1.5wt.%W-20wt.%Ni/TiO2 with GVL as a substrate compared to 20wt.%Ni/TiO2 catalyst. Therefore it is most likely that the formation of VA occurred in presence of W adjacent to Ni site on the catalyst surface.  
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Figure 5.12 Plausible reaction pathways for LA hydrogenation over the W-Ni/TiO2 catalysts  
5.3.3 Catalyst stability study Longer tests (60 h) were conducted to investigate the stability of the most active/selective catalyst (i.e. 1.5wt.%W-20wt.%Ni/TiO2). The yields of VA and GVL for this catalyst over 60 h are presented in Table 5.5. After continuous operation over 60 h, no significant change in the GVL yield was observed. A slight decrease in VA yield was however observed after approximately 45 h (~5 % decrease after 60 h). The small decrease in activity towards VA production is most likely due to the deposition of small amount of coke which is confirmed by the CHNS analysis of the used 1.5wt.%W-20wt.%Ni/TiO2 catalyst sample (Table 5.6). Characterization results obtained for the catalyst tested at 60 h are discussed in the next section     
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Table 5.5 Time on stream study of LA hydrogenation over the 1.5wt.%W-20wt.%Ni/TiO2 catalyst. Reaction conditions: 270 °C, 10wt.% aqueous LA 
Reaction 
Time (h) 
LA 
Conversion (%) 
Selectivity (%) 
VA GVL Othersa 
6 73.5 48.5 36.0 15.5 
12 72.9 48.7 36.2 15.1 
24 73.8 48.3 35.8 15.9 
48 73.4 48.5 36.1 15.4 
60 72.3 47.5 36.3 16.2 a Others include MTHF and alcohols.    
5.3.4 Characterization of the used catalyst   The used 1.5wt.%W-20wt.%Ni/TiO2 catalyst was characterized by XRD after 60 h of continuous operation and the obtained XRD spectrum was compared with reduced catalyst (Figure 5.13). There is no evidence of any changes in the intensity of diffraction lines due to metallic Ni or TiO2 phases. No significant changes in diffraction line intensities for the aforementioned species were observed. A small decrease in the intensity of the diffraction lines due to the NiWO4 phase was however seen in the used catalyst. This decrease is most likely linked with the formation of polymeric WxOy species which were observed in the used catalysts and not in the reduced catalyst. The Ni crystallite size (based on analysis of the XRD patterns obtained using the Scherrer equation) in the used catalyst was very similar to that in the reduced catalyst. The aforementioned finding is also consistent with that TEM results obtained (Table 5.6).  
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Figure 5.13 Powder XRD patterns of the 1.5wt.%W-20wt.%Ni/TiO2 catalyst (a) reduced (b) used  
Figure 5.14 displays the Ni 2p spectra of both the reduced and used forms of the 1.5wt.%W-20wt.%Ni/TiO2 catalyst. According to the spectra, Ni was present in both metallic state (2p3/2) at a binding energy of 851.8 eV (satellite peak at 862.8 eV) and oxidised state (2p3/2) corresponding to the binding energy of 856.7 eV) in the used and reduced catalysts [36]. The peak at a binding energy of 872.9 eV (satellite peak at 879.7 eV) is due to 2p1/2 state of Ni. No significant changes were observed in the binding energies of the different oxidation states of Ni present in the used form of the 1.5wt.%W-20wt.%Ni/TiO2 catalyst compared to the reduced catalyst.  
Chapter V   LA to VA over W modified Ni/TiO2 catalysts 
156 | P a g e  
 
850 860 870 880
 
 
 
 
 
 
 
 
 
 Reduced
 Binding energy (eV)
 
In
te
ns
ity
 (a
.u
.)
 
 
 
 
 
 
 
 
Used
 
Figure 5.14 Ni 2p XPS of reduced and used 1.5wt.%W-20wt.%Ni/TiO2 catalyst  The oxidation state(s) of W in the used 1.5wt.%W-20wt.%Ni/TiO2 catalyst were determined using XPS analysis (Figure 5.15). It was found that W was predominantly exists in the +6 oxidation state in the used 1.5wt.%W-20wt.%Ni/TiO2 catalyst, which was also observed for the reduced catalyst. In the W 4f spectra, peaks at 37.5 eV and 35.6 eV binding energies are ascribed to W4f5/2 and W4f7/2 respectively [39]. According to the reported literature, the presence of W in the range of 35-38 eV is an indicative of the presence of W+6 oxidation state in the form of NiWO4 and/or WO3 over the surface of the catalyst [39]. According to the reported literature, it is known that the satellite peak around 41.8 eV indicating the decrease in the W+6 amount (W+6 loss feature) in the used catalyst sample and is in good agreement with the results obtained in the XRD analysis of the used catalyst where minor difference in the W species (presence of WxOy species) were observed between the used and unused catalysts. The presence of trace amounts of other oxidation states of W (due to WO2 and WxOy) at higher W loading is also confirmed by the XPS analysis of 1.5wt.%W-20wt.%Ni/TiO2 catalyst in Figure 5.8 
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where, multiple peak fit was seen in the XPS spectrum of the 1.5wt.%W-20wt.%Ni/TiO2 catalyst.  
30 32 34 36 38 40 42 44
 Binding energy (eV)
  
 
 
 
 
 
Used
Satellite peak
 
 
In
te
ns
ity
 (a
.u
.)
 
 
 
 
 
Reduced
 
Figure 5.15 W4f XPS of reduced and used 1.5wt.%W-20wt.%Ni/TiO2 catalyst  The results of NH3 TPD, XRD, CHNS and TEM analyses of the reduced and used (60 h) 1.5wt.%W-20wt.%Ni/TiO2 catalysts are compared in Table 5.6. After time on stream analysis (60 h), a decrease in the number of acid sites was found based on the NH3 TPD analysis. This was most likely due to coke deposition, changes in W species (confirmed by XRD and XPS). The decrease in the acid site distribution can also be attributed to the competitive adsorption of reactant molecules [40]. To investigate coking, the unused and used catalyst was characterized by CHNS analysis. The results obtained from the analyses are listed in Table 5.6. There was also no significant loss (<3% loss after 60 h of TOS) in W content observed. CHNS analysis of the used catalyst revealed that there was a small amount of carbon deposition after time on stream and this was most likely due to the irreversible chemisorption of a fouling agent such as 
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angelica lactone (one of the intermediates in this reaction sequence). The particle size calculation (from XRD and TEM) showed no significant difference in the Ni particle size before and after reaction.  
Table 5.6 Comparative analysis of the fresh and used 1.5wt.%W-20wt.%Ni/TiO2 catalyst 
Catalyst 
 
NH3 uptake 
(µmol g-1)a 
Carbon  
(wt%)b 
Crystallite/Particle size (nm) 
XRDc TEMd 
Reduced 64.8 - 22.7 24.8±2.1 
Used 56.1 0.26 22.8 25.2±2.3 a Obtained from TPD of NH3; b Obtained from CHNS analysis of the used catalyst;  c Crystallite size calculated from XRD patterns using Scherrer equation; d Average particle size calculated from TEM images.                
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5.4 Summary and Conclusions 
 The W modified Ni/TiO2 prepared by simple impregnation method has been identified as a promising catalyst for one step synthesis of valeric acid (an important intermediate in the production of valeric bio-fuels) from biomass derived levulinic acid at ambient H2 pressure. The bulk and surface properties of the 20wt%Ni/TiO2 catalyst is significantly altered by the addition of W which is corroborated by H2-TPR, XPS and N2O titration. The H2-TPR results showed the interaction between W and Ni particles and the interaction became stronger with increase in W loadings. It was found that the synergism between Ni and tungsten is virtuous at W loading of 1.5wt% on 20wt%Ni/TiO2. The 1.5wt%W-20wt%Ni/TiO2 catalyst was stable up to 60 h of continuous operation. The N2O decomposition measurements revealed that higher the Ni metal surface area; higher the selectivity of γ-valerolactone. On the contrary a drastic decrease in surface Ni due to interaction with W resulted in the formation active sites for increased valeric acid selectivity in parenthesis a decrease in the selectivity of GVL is observed. The pyridine adsorbed DRIFT spectroscopic studies demonstrated a dramatic increase (17 times) in the Brønsted acidity of 20wt%Ni/TiO2 by the addition of tungsten. 20wt%Ni/TiO2 alone was selective for the hydrogenation of levulinic acid to 
γ-valerolactone whereas the Ni interacted with W are the active species for formation of valeric acid. The enhanced Brønsted acid sites on W modified 20wt%Ni/TiO2 catalyst was responsible for the formation of valeric acid through the ring opening of γ-valerolactone. Finally, it can be concluded that a combination of metallic Ni and the Ni interacted with W species are active and selective for the single step conversion of levulinic acid to valeric acid. 
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This chapter gives a brief summary and conclusions of the work carried out in this 
thesis followed by the outcomes of the thesis. As a continuation of the work done in this 
thesis, recommended research/future plans are also discussed on the proposed thesis topic in 
this chapter. 
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Chapter VI Conclusions and recommended future research 
 
6.1 Conclusions   The aim of this thesis is development of catalysts for the conversion of biomass derivable levulinic acid (LA) into fuel additives such as γ-Valerolactone (GVL) and valeric acid (VA) using non-noble metal catalysts. A detailed study has been conducted for the hydrogenation of biomass derivable LA over Ni based catalysts. Based on the literature survey, various supported noble and non-noble metal catalysts were synthesized, characterized and evaluated for the vapour phase hydrogenation of LA under ambient H2 pressure and moderate reaction temperatures. The highlight of the thesis is single step conversion of LA into VA over W modified Ni/TiO2 catalyst.  In this thesis research was conducted in two main areas: 1. Development of catalysts for conversion of LA to GVL 2. Development of catalysts for conversion of LA to VA  
 The main findings from the research conducted on the conversion of LA to GVL were summarised below: 
 It has been reported that support materials that possesses acidic character are identified as suitable supports for the metal catalysts in the selective conversion of LA to GVL. Hence, various metals such as Pt, Pd, Ru and Ni supported on TiO2 catalysts were examined for LA hydrogenation. In the comparative analysis, noble metal (Pt, Pd and Ru) supported on TiO2 demonstrated better LA conversion than the Ni/TiO2 catalyst. In contrast, the GVL selectivity is found to be higher over Ni/TiO2 than on the 
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noble metal catalysts. Subsequently, various Ni loaded TiO2 catalysts were synthesized and screened for the LA hydrogenation. It is observed that 20wt.%Ni/TiO2 catalysts showed better LA conversion and GVL selectivity than the other loadings. 
 In this study, the reaction parameters (reaction temperature, solvent and GHSV) are established and some optimal procedures for catalyst synthesis, pre-treatments in order to achieve the desired product yields. A reaction pathway has been proposed in the vapour phase hydrogenation of LA to GVL.  
 Pyridine adsorbed DRIFTS and catalyst poisoning studies revealed that Lewis acid sites are involved in the dehydration of LA and the Brønsted acid sites seems to initiate the ring opening of GVL to valeric acid. 
 The physico-chemical characteristics of 20wt.%Ni/TiO2 catalyst revealed that a high proportion of Lewis acid sites are responsible for the high activity of catalyst.  An optimized Ni loading of about 20wt.% is fixed over various supports such as Al2O3, SiO2 and ZrO2 which were screened for LA hydrogenation.  
        It was found that TiO2 support is suitable for Ni for high selectivity of γ-Valerolactone. In the case of other supports, such as SiO2, ZrO2 and γ-Al2O3, the selectivity of VA and MTHF were detected at the cost of GVL formation.  
      The 20wt.%Ni/ZrO2 and 20wt.%Ni/γ-Al2O3 catalysts demonstrated mild hydrogenation activity and consequently high selectivity of angelica lactone is observed. A high ratio of Brønsted acid sites on the 20wt.%Ni/ZrO2 and 20wt.%Ni/γ-Al2O3 catalysts resulted in ring opening and deeper hydrogenation products such as VA and MTHF respectively. 
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Finally, it is concluded that the product distribution can be tuned to get the desired fuel additive (GVL or VA) as the strength of surface acid–base sites regulates the selectivity in the hydrogenation of levulinic acid. 
 A combination of surface Ni metal with adjacent Brønsted acid sites on the catalyst surface leads to ring opening of GVL to form VA and MTHF along with hydrocarbons. Precisely, a Lewis acid site combined with nickel is suitable for the selective hydrogenation of LA to GVL.  
 It is concluded that Lewis acid sites in close proximity to Ni sites (i.e. at interface) are responsible for dehydrocyclization of LA to form AL, followed by its hydrogenation, thus producing GVL. The acidic groups at the interface of Ni/TiO2 may be involved in the dehydration of LA to angelica lactone and the reaction follows by the hydrogenation of angelica lactone over Ni particles to form GVL.  
 The highest GVL selectivity was obtained using the Ni/TiO2 and Ni/SiO2 catalysts. This was most likely due to these materials having significantly different BAS/LAS (Brønsted/Lewis acid sites) compared to the Ni/Al2O3 and Ni/ZrO2 which is established from the pyridine adsorbed DRIFT spectroscopy.  
 Short term stability was also checked for all the catalysts in which the Ni/TiO2 catalyst was displayed a continuous activity up to 15 h on stream. The loss in activity of the other catalysts (Ni/Al2O3, Ni/ZrO2 and Ni/SiO2) was attributed to the coke/carbon deposition on their catalyst surface (CHNS analysis). 
 TEM analysis of the Ni/TiO2 catalyst showed the metallic particles existed in spherical shape and there is no considerable change in the morphology of the catalyst after use. XPS analysis of the fresh and used samples further supplemented the stability of the catalyst (no significant changes in the binding energies of the used Ni 2p spectra).  
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 From the results obtained in this LA to GVL conversion, it was found that the Ni/TiO2 catalyst with 20wt.%Ni loading prepared by wet impregnation method and calcined at 450 °C is more active towards GVL formation. The higher activity (both conversion and selectivity) of the 20wt.%Ni/TiO2 catalyst was due to the presence of more surface active species, strong metal support interactions compared to other catalysts.   
  Conclusions drawn on the single step conversion of LA to VA: 
 Addition of an acidic promoter (W) to the Ni/TiO2 was found to have a significant effect on the conversion of LA.  
 Among various W loadings (1.0, 1.5, 2.0 and 2.5% by weight), 1.5wt.% W modified Ni/TiO2 catalyst demonstrated higher VA yields. The higher activity of the 1.5wt.%W-20wt.% Ni/TiO2 catalyst was explained by the presence of higher number of Brønsted acid sites present on the catalyst surface.  
 It is also concluded that the Ni/TiO2 (without W modification) catalyst was more active and selective towards GVL formation and presence of higher number of Brønsted acid sites resulted in increase in the VA selectivity. 
 Long-time test concluded the stable activity of Ni-WOx/TiO2 catalyst for about 60 h of continuous operation.       
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6.2 Recommended future research  
 Further on the vapour phase LA to GVL conversion, the longer tests can be conducted may be more than 100 h. 
 The recyclability and reusability studies can be carried out for the Ni/TiO2 catalyst for LA to GVL transformation.  
 As the real stream in the production of LA contains some trace amounts of water, formic acid and mineral acids, the testing of LA conversion can be done with the feed containing 1:1 mixture of LA and formic acid along with water and mineral acids .  
 More research can be devoted to investigate the influence of acid and basic sites in the product distribution and also on the potential issues in the large scale production of the GVL from LA over the aforesaid catalysts. 
 As the VA yield obtained in this study was not very significant, the technology optimization should be done for the W modified Ni/TiO2 catalyst in order to optimize the VA yields. 
 The influence of promoter can be studied for the Ni/support system by using different promoters (such as Mo, W and Cr) to understand the role of active site in the LA to VA conversion.  
 The reaction parameters and catalyst pre-treatment conditions should be optimized in order to achieve the desired VA yields. 
 Based on the results obtained in the above study, the influence of support must be assessed for Ni-W combination by using different types of supports. 
 The kinetic and mechanistic aspects of the LA to VA (LA to GVL and GVL to VA) transformation can be investigated over the best catalytic system in order to understand the reaction mechanism.  
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